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(54) Reflecting type of zoom lens 

(57) A reflecting type of zoom optical system com- 
prises a plurality of optical elements each of which in- 
cludes a transparent body and two refracting surfaces 
and a plurality of reflecting surfaces formed on the trans- 
parent body and is arranged so that a light beam enters 
the transparent body from one of the two refracting sur- 
faces, repeatedly undergoes reflection by the plurality 
of reflecting surfaces, and exits from the other of the two 
refracting surfaces, and/or a plurality of optical elements 
on each of which a plurality of reflecting surfaces made 
from surface reflecting mirrors are integrally formed, and 
each of which is arranged so that an entering light beam 
repeatedly undergoes reflection by the plurality of re- 
flecting surfaces and exits from the optical element. In 
the reflecting type of zoom optical system, an image of 
an object is formed via the plurality of optical elements 
and zooming is performed by causing at least two optical 
elements from among the plurality of optical elements 
to vary their relative positions. 
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Description 

Background of the Invention: 
Field of the Invention: 

The present invention relates to a reflecting type of zoom optical system and an image pickup device employing 
the same and, more particularly, to an optical arrangement which is suitable for use in a video camera, a still video 
camera, a copying machine or the like and which employs a plurality of optical elements each having a plurality of 
reflecting surfaces and performs zooming (variation of magnification) by varying the relative position between at least 
two optical elements from among the plurality of optical elements. 

Description of the Related Art: 

Various photographing optical systems which utilize reflecting surfaces, such as concave mirror surfaces and con- 
vex mirror surfaces, have heretofore been proposed. 

Fig. 59 is a schematic view of a so-called mirror optical system which is composed of one concave mirror and one 
convex mirror. 

In the mirror optical system shown in Fig. 59, an object light beam 104 from an object is reflected by a concave 
mirror 101 and travels toward an object side while being converged, and after having been reflected by a convex mirror 
102, the object light beam 104 forms an image of the object on an image plane 103. 

This mirror optical system is based on the construction of a so-called Cassegrainian reflecting telescope, and is 
intended to reduce the entire length of the optical system by folding, by using the two opposed reflecting mirrors, the 
optical path of a telephoto lens system which is composed of refracting lenses and has an entire large length. 

For similar reasons, in the field of an objective lens system which constitutes part of a telescope as well, in addition 
to the Cassegrainian type, various other types which are arranged to reduce the entire length of an optical system by 
using a plurality of reflecting mirrors have been known. 

As is apparent from the above description, it has heretofore been proposed to provide a compact mirror optical 
system by efficiently folding an optical path by using reflecting mirrors in place of lenses which are commonly used in 
a photographing lens whose entire length is large. 

However, in general, the mirror optical system, such as the Cassegrainian reflecting telescope, has the problem 
that part of an object ray is blocked by the convex mirror 102. This problem is due to the fact that the convex mirror 
102 is placed in the area through which the object light beam 104 passes. 

To solve the problem, it has been proposed to provide a mirror optical system which employs decentered reflecting 
mirrors to prevent a portion of the optical system from blocking the area through the object light beam 104 passes, i. 
e., to separate a principal ray 106 of the object light beam 104 from an optical axis 105. 

Fig. 60 is a schematic view of the mirror optical system disclosed in U.S. Patent No. 3,674,334. This mirror optical 
system solves the above-described blocking problem by separating the principal ray of an object light beam from an 
optical axis by using part of reflecting mirrors which are rotationally symmetrical about the optical axis. 

In the mirror optical system shown in Fig. 60, a concave mirror 111, a convex mirror 113 and a concave mirror 112 
are arranged in the order of passage of the light beam, and these mirrors 111,113 and 112 are reflecting mirrors which 
are rotationally symmetrical about an optical axis 114, as shown by two-dot chain lines in Fig. 60. In the shown mirror 
optical system, a principal ray 1 1 6 of an object light beam 11 5 is separated from the optical axis 11 4 to prevent blockage 
of the object light beam 11 5, by using only the upper portion of the concave mirror 111 which is above the optical axis 
1 14 as viewed in Fig. 60, only the lower portion of the convex mirror 113 which is below the optical axis 114 as viewed 
in Fig. 60, and onty the lower portion of the concave mirror 11 2 which is below the optical axis 114 as viewed in Fig. 60. 

Fig. 61 is a schematic view of the mirror optical system disclosed in U.S. Patent No. 5,063,586. The shown mirror 
optical system solves the above-described problem by decentering the central axis of each reflecting mirror from an 
optical axis and separating the principal ray of an object light beam from the optical axis. 

As shown in Fig. 61 in which an axis perpendicular to an object plane 121 is defined as an optical axis 127, a 
convex mirror 122, a concave mirror 123, a convex mirror 124 and a concave mirror 125 are arranged in the order of 
passage of the light beam, and the central coordinates and central axes 122a, 123a, 124a and 125a (axes which 
respectively connect the centers of reflecting surfaces and the centers of curvature thereof) of the reflecting surfaces 
of the respective mirrors 122 to 125 are decentered from the optical axis 127. In the shown mirror optical system, by 
appropriately setting the amount of decentering and the radius of curvature of each of the surfaces, each of the reflecting 
mirrors is prevented from blocking an object light beam 126, so that an object image is efficiently formed on an image 
plane 126. 

In addition, U.S. Patent Nos. 4,737,021 and 4,265,510 also disclose an arrangement for preventing the blocking 
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problem by using part of a reflecting mirror which is rotationally symmetrical about an optical axis, or an arrangement 
for preventing the blocking problem by decentering the central axis of the reflecting mirror from the optical axis. 

In addition, a zooming art is known which varies the image forming magnification (focal length) of a photographing 
optical system by relatively moving a plurality of reflecting mirrors which constitute part of the aforesaid type of mirror 
5 optical system. 

For example, U.S. Patent No. 4,812,030 discloses an art for performing variation of the magnification of the pho- 
tographing optical system by relatively varying the distance between the concave mirror 101 and the convex mirror 
102 and thB distance between the convex mirror 102 and the image plane 103 in the construction of the Cassegrainian 
reflecting telescope shown in Fig. 59. 
to Fig. 62 is a schematic view of another embodiment disclosed in U.S. Patent No. 4,81 2,030. In the shown embod- 

iment, an object light beam 138 from an object is incident on and reflected by a first concave mirror 131 , and travels 
toward an object side as a converging light beam and is incident on a first convex mirror 1 32. The light beam is reflected 
toward an image forming plane by the first convex mirror 132 and is incident on a second convex mirror 134 as an 
approximately parallel light beam. The light beam is reflected by the second convex mirror 1 34 and is incident on a 
is second concave mirror 135 as a diverging light beam. The light beam is reflected by the second concave mirror 135 
as a converging light beam and forms an image of the object on an image plane 1 37. 

In this arrangement, by varying the distance between the first concave mirror 131 and the first convex mirror 132 
and the distance between the second convex mirror 134 and the second concave mirror 135, zooming is performed 
and the focal length of the entire mirror optical system is varied. 
20 in the arrangement disclosed in U.S. Patent No. 4,993,818, an image formed by the Cassegrainian reflecting 

telescope shown in Fig. 59 is secondarily formed by another mirror optical system provided in a rear stage, and the 
magnification of the entire photographing optical system is varied by varying the image forming magnification of that 
secondary image forming mirror optical system. 

In any of the above-described reflecting types of photographing optical systems, a large number of constituent 
25 components are needed and individual optical components need to be assembled with high accuracy to obtain the 
required optical performance. Particularly since the relative position accuracy of each of the reflecting mirrors is strict, 
it is indispensable to adjust the position and the angle of each of the reflecting mirrors. 

One proposed approach to solving this problem is to eliminate the incorporation error of optical components which ' 
occurs during assembly, as by forming a mirror system as one block. * 
30 a conventional example in which a multiplicity of reflecting surfaces are formed as one block is an optical prism, 
such as a pentagonal roof prism and a Porro prism, which is used in, for example, a viewfinder optical system. 

In the case of such a prism, since a plurality of reflecting surfaces are integrally formed, the relative positional 
relationships between the respective reflecting surfaces are set with high accuracy, so that adjustment of the relative 
positions between the respective reflecting surfaces is not needed. Incidentally, the primary function of the prism is to 
35 reverse an image by varying the direction in which a ray travels, and each of the reflecting surfaces consists of a plane 
surface. 

Another type of optical system, such as a prism having reflecting surfaces with curvatures, is also known. 

Fig. 63 is a schematic view of the essential portion of the observing optical system which is disclosed in U.S. Patent 
No. 4,775,217. This observing optical system is an optical system which not only allows an observer to observe a 
40 scene of the outside but also allows the observer to observe a display image displayed on an information display part, 
in the form of an image which overlaps the scene. 

In this observing optical system, a display light beam 145 which exits from the display image displayed on an 
information display part 141 is reflected by a surface 142 and travels toward an object side and is incident on a half- 
mirror surface 143 consisting of a concave surface. After having been reflected by the half-mirror surface 143, the 
45 display light beam 145 is formed into an approximately parallel light beam by the refractive power of the half-mirror 
surface 143. This approximately parallel light beam is refracted by and passes through the surface 142, and forms a 
magnified virtual image of the display image and enters a pupil 144 of an observer so that the observer recognizes the 
display image. 

In the meantime, an object light beam 146 from an object is incidence on a surface 147 which is approximately 
50 parallel to the reflecting surface 1 42, and is then refracted by the surface 1 47 and reaches the half-mirror surface 143 
which is a concave surface. Since the concave surface 143 is coated with an evaporated semi-transparent film, part 
of the object light beam 146 passes through the concave surface 143, is refracted by and passes through the surface 
142, and enters the pupil 144 of the observer. Thus, the observer can visually recognize the display image as an image 
which overlaps the scene of the outside. 
55 Fig. 64 is a schematic view of the essential portion of the observing optical system disclosed in Japanese Laid- 

open Patent Application No. Hei 2-297516. This observing optical system is also an optical system which not only 
allows an observer to observe a scene of the outside but also allows the observer to observe a display image displayed 
on an information display part, as an image which overlaps the scene. 
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In this observing optical system, a display light beam 1 54 which exits from an information display part 150 passes 
through a plane surface 1 57 which constitutes part of a prism Pa, and is incident on a parabolic reflecting surface 1 51 . 
The display light beam 154 is reflected by the reflecting surface 151 as a converging light beam, and forms an image 
on a focal plane 156. At this time, the display light beam 1 54 reflected by the reflecting surface 151 reaches the focal 
s plane 156 while being totally reflected between two parallel plane surfaces 157 and 158 which constitute part of the 
prism Pa Thus, the thinning of the entire optical system is achieved. 

Then, the display light beam 154 which exits from the focal plane 156 as a diverging light beam is totally reflected 
between the plane surface 157 and the plane surface 158, and is incident on a half-mirror surface 152 which consists 
of a parabolic surface. The display light beam 154 is reflected by the half-mirror surface 152 and, at the same time, 
jo not only is a magnified virtual image of a display image formed but also the display light beam 154 is formed into an 
approximately parallel light beam by the refractive power of the half -mirror surface 1 52. The obtained light beam passes 
through the surface 157 and enters a pupil 153 of the observer, so that the observer can recognize the display image. 

In the meantime, an object light beam 155 from the outside passes through a surface 158b which constitutes part 
of a prism Pb, then through the half-mirror surface 152 which consists of a parabolic surface, then through the surface 
: - is 157, and is then incident on the pupil 153 of the observer. Thus, the observer visually recognizes the display image 
as an image which overlaps the scene of the outside. 

As another example which uses an optical element on a reflecting surface of a prism, optical heads for optical 
pickups are disclosed in, for example, Japanese Laid-Open Patent Application Nos. Hei 5-12704 and Hei 6-139612. 
In these optical heads, after the light outputted from a semiconductor laser has been reflected by a Fresnel surface or 
20 a hologram surface, the reflected light is focused on a surface of a disk and the light reflected from the disk is conducted 
to a detector. 

In any of the above-described mirror optical systems having the decentered mirrors, which are disclosed in U.S. 

Patent Nos. 3,674,334, 5,063,586 and 4,265,510, since the individual reflecting mirrors are disposed with different 

amounts of decentering, the mounting structure of each of the reflecting mirrors is very complicated and the mounting 
25 accuracy of the reflecting mirrors is very difficult to ensure. 

In either of the above-described photographing optical systems having the magnification varying functions, which 

are disclosed in U.S. Patent Nos. 4,812,030 and 4,993,818, since a large number of constituent components, such as 

a reflecting mirror or an image forming lens, are needed, it is necessary to assemble each optical part with high accuracy 

to realize the required optical performance. 
30 in particular, since the relative position accuracy of the reflecting mirrors is strict, it is necessary to adjust the 

position and the angle of each of the reflecting mirrors. 

As is known, conventional reflecting types of photographing optical systems have constructions which are suited 

to a so-called telephoto lens using an optical system having an entire large length and a small angle of view. However, 

if a photographing optical system which needs fields of view from a standard field of view to a wide angle of view is to 
35 be obtained, the number of reflecting surfaces which are required for aberration correction must be increased, so that 

a far higher component accuracy and assembly accuracy are needed and the cost and the entire size of the optical 

system tend to increase. 

Either of the observing optical systems disclosed in U.S. Patent No. 4,775,217 and Japanese Laid-Open Patent 
Application No. Hei 2-297516 is primarily intended to vary the direction of travel of a ray and a pupil's image forming 
40 action for efficiently transmitting a display image displayed on the information display part which is disposed away from 
the pupil of an observer. However, neither of them directly discloses an art for performing positive aberration correction 
by using a reflecting surface having a curvature. 

The range of applications of either of the optical systems for optical pickups which are disclosed in, for example, 
Japanese Laid-Open Patent Application Nos. Hei 5-12704 and Hei 6-139612 is limited to the field of a detecting optical 
45 system, and neither of them satisfies the image forming performance required for, particularly, an image pickup device 
which uses an area type ol image pickup element, such as a CCD. 

Summary of the Invention: 

so It is, therefore, a first object of the present invention to provide a reflecting type of zoom optical system in which 

a small-sized mirror optical system can be used and reflecting mirrors can be arranged with a reduced arrangement 
accuracy (assembly accuracy) because the zoom optical system employs a plurality of optical elements on each of 
which a plurality of curved reflecting surfaces and plane reflecting surfaces are integrally formed and is capable of 
performing zooming by appropriately varying the relative position between at least two of the plurality of optical ele- 

£5 ments. Further, the first object of the present invention is to provide an image pickup device employing such a reflecting 
type of zoom optical system, 

A second object of the present invention is to provide a reflecting type of zoom optical system which has a wide 
angle of view in spite of its reduced effective diameter owing to an arrangement in which a stop is disposed at a location 
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closest to the object side of the optical system and an object image is formed in the optical system at least once, and 
also which has an entire length which is reduced in a predetermined direction by bending an optical path in the optical 
system into a desired shape by using optical elements each having a plurality of reflecting surfaces of appropriate 
refractive powers and decentering the reflecting surfaces which constitute each of the optical elements. Further the 
s second object of the present invention is to provide an image pickup device employing such a reflecting type of zoom 
optical system. 

A reflecting type of zoom optical system according to the present invention comprises a plurality of optical elements 
each of which includes a transparent body and two refracting surfaces and a plurality of reflecting surfaces lormed on 
the transparent body, and each of which is arranged so that a light beam enters the transparent body from one of the 
to two refracting surfaces, repeatedly undergoes reflection by the plurality of reflecting surfaces, and exits from the other 
of the two refracting surfaces, and/or a plurality of optical elements on each of which a plurality of reflecting surfaces 
made from surface reflecting mirrors are integrally formed, and each of which is arranged so that an entering light 
beam repeatedly undergoes reflection by the plurality of reflecting surfaces and exits from the optical element, wherein 
an image of an object is formed via the plurality of optical elements and zooming is performed by causing at least two 
15 optical elements from among the plurality of optical elements to vary their relative positions. 

Further, a reference axis which enters each of the at least two optical elements which are caused to vary the 
relative positions is parallel to a reference axis which exits from that optical element of the at least two optical elements. 

Further, the at least two optical elements which are caused to vary the relative positions move on one movement 
plane in parallel with each other. 
20 Further, the reference axis which enters each of the at least two optical elements which are caused to vary the 

relative positions is the same in direction as the reference axis which exits from that optical element of the at least two 
optical elements. 

Further, the reference axis which enters one of the at least two optical elements which are caused to vary the 
relative positions is the same in direction as the reference axis which exits from the one of the at least two optical 
25 elements, while the reference axis which enters another of the at least two optical elements is opposite in direction to 
the reference axis which exits from the other optical element. \ 

Further, the reference axis which enters each of the at least two optical elements which are caused to vary the 
relative positions is opposite in direction to the reference axis which exits from that optical element of the at least two 
optical elements. 

so Further, focusing is performed by moving one of the at least two optical elements which are caused to vary the 

relative positions. 

Further, focusing is performed by moving an optical element other than the at least two optical elements which are 
caused to vary the relative positions. 

Further, in the reflecting type of zoom optical system, an object image is intermediately formed in an optical path 
35 at least once. f 

Further, each curved reflecting surface from among the plurality of reflecting surfaces is of a shape having only 
one plane of symmetry. 

Further, all reference axes of the at least two optical elements which are caused to vary the relative positions are 
present on one plane. 

40 Further, at least part of reference axes of an optical element other than the at least two optical elements which are 

caused to vary the relative positions are present on the one plane. 

Further, at least one of the plurality of optical elements has a reflecting surface in such a manner that a normal to 
the reflecting surface at an intersection point of a reference axis and the reflecting surface is inclined with respect to 
a movement plane on which the at least two optical elements which are caused to vary the relative positions move. 
45 Further, the at -least two optical elements which are caused to vary the relative positions respectively move on 

two movement planes which are inclined with respect to each other. 

Further, an image pickup device according to the present invention includes the reflecting type of zoom optical 
system, and is arranged to form an image of the object on an image pickup surface of an image pickup medium. 
The above and other objects, features and advantages of the present invention will become apparent from the 
50 following detailed description of preferred embodiments of the present invention, taken in conjunction with the accom- 
panying drawings. 

Brief Description of the Drawings: 

55 Fig. 1 is an explanatory view of a coordinate system for Embodiments of the present invention; 

Fig. 2 is a schematic view of the essential portion of Embodiment 1 of the present invention; 
Figs. 3A and 3B are explanatory views aiding in describing the magnification varying operation of Embodiment 1; 
Fig. 4 is a schematic view of the essential portion of Embodiment 2 of the present invention; 
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Fig. 5 is a schematic view of the essential portion of Embodiment 3 of the present invention; 

Figs. 6A and 6B are explanatory views aiding in describing the magnification varying operation of Embodiment 3; 

Fig. 7 is a schematic view of the essential portion of Embodiment 4 of the present invention; 

Figs. 8A and 8B are explanatory views aiding in describing the magnification varying operation of Embodiment 4; 

Fig. 9 is a view showing an optical cross section taken on a Y, Z plane, of Embodiment 5 of the present invention; 

Fig. 10 shows lateral aberration charts of Embodiment 5 (wide-angle end); 

Fig. 11 shows lateral aberration charts of Embodiment 5 (middle position); 

Fig. 1 2 shows lateral aberration charts of Embodiment 5 (telephoto end); 

Fig. 1 3 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 6 of the present invention; 
Fig. 1 4 shows lateral aberration charts of Embodiment 6 (wide-angle end); 
Fig. 1 5 shows lateral aberration charts of Embodiment 6 (middle position); 
Fig. 16 shows lateral aberration charts of Embodiment 6 (telephoto end); 

Fig. 1 7 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 7 of the present invention; 
Fig. IB shows lateral aberration charts of Embodiment 7 (wide-angle end); 
Fig. 19 shows lateral aberration charts of Embodiment 7 (middle position); 
Fig. 20 shows lateral aberration charts of Embodiment 7 (telephoto end); 

Fig. 21 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 8 of the present invention; 
Fig. 22 shows lateral aberration charts of Embodiment 8 (wide-angle end); 
Fig. 23 shows lateral aberration charts of Embodiment 8 (middle position); 
Fig. 24 shows lateral aberration charts of Embodiment 8 (telephoto end); 

Fig. 25 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 9 of the present invention; 
Fig. 26 shows lateral aberration charts of Embodiment 9 (wide-angle end); 
Fig. 27 shows lateral aberration charts of Embodiment 9 (middle position); 
Fig. 28 shows lateral aberration charts of Embodiment 9 (telephoto end); 

Fig. 29 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 1 0 of the present invention; 
Fig. 30 shows lateral aberration charts of Embodiment 10 (wide-angle end); 
Fig. 31 shows lateral aberration charts of Embodiment 1 0 (middle position); 
Fig. 32 shows lateral aberration charts of Embodiment 1 0 (telephoto end); 

Fig. 33 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 1 1 of the present invention; 
Fig. 34 shows lateral aberration charts of Embodiment 11 (wide-angle end); 
Fig. 35 shows lateral aberration charts of Embodiment 11 (middle position); 
Fig. 36 shows lateral aberration charts of Embodiment 11 (telephoto end); 

Fig. 37 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 1 2 of the present invention; 
Fig. 38 shows lateral aberration charts of Embodiment 12 (wide-angle end); 
Fig. 39 shows lateral aberration charts of Embodiment 12 (middle position); 
Fig. 40 shows lateral aberration charts of Embodiment 12 (telephoto end); 

Fig. 41 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 1 3 of the present invention; 
Fig. 42 is a perspective view of Embodiment 13; 

Fig. 43 shows lateral aberration charts of Embodiment 13 (wide-angle end); 
Fig. 44 shows lateral aberration charts of Embodiment 13 (middle position); 
Fig. 45 shows lateral aberration charts of Embodiment 13 (telephoto end); 

Fig. 46 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 14 of the present invention; 
Fig. 47 shows lateral aberration charts of Embodiment 14 (wide-angle end); 
Fig. 48 shows lateral aberration charts of Embodiment 14 (middle position); 
Fig. 49 shows lateral aberration charts of Embodiment 14 (telephoto end); 

Fig. 50 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 1 5 of the present invention; 
Fig. 51 shows lateral aberration charts of Embodiment 15 (wide-angle end); 
Fig. 52 shows lateral aberration charts of Embodiment 15 (middle position); 
Fig. 53 shows lateral aberration charts of Embodiment 1 5 (telephoto end); 

Fig. 54 is a view showing an optical cross section taken on th e Y, Z plane, of Embodiment 1 6 of the present invention; 
Fig. 55 shows lateral aberration charts of Embodiment 16 (wide-angle end); 
Fig. 56 shows lateral aberration charts of Embodiment 16 (middle position); 
Fig. 57 shows lateral aberration charts of Embodiment 16 (telephoto end); 

Fig. 58 is a perspective view of an optical system of a three-group zoom lens in which an entering reference axis 

is inclined at an arbitrary angle with respect to the Y, Z plane; 

Fig. 59 is a view of the basic construction of a Cassegrainian reflecting telescope; 

Fig. 60 is an explanatory view aiding in describing a first method of preventing a blocking problem by separating 
a principal ray from an optical axis in a mirror optical system; 
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Fig. 61 is an explanatory view aiding in describing a second method of preventing a blocking problem by separating 
a principal ray from an optical axis in a mirror optical system; 

Fig. 62 is a schematic view of a zoom optical system of which employs a conventional reflecting mirror arrangement; 
Fig. 63 is a schematic view of an observing optical system in which a prism reflecting surface has a curvature; 
s Fig. 64 is a schematic view of another observing optical system in which a prism reflecting surface has a curvature; 

and 

Fig. 65 is a diagrammatic exploded perspective view showing a movement mechanism according to the present 
invention. 
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20 Detailed Description of the Preferred Embodiments: 

Prior to the detailed description of individual embodiments, reference will be made to terms which are herein used 
to express various constituent elements of the embodiments, and matters common to all the embodiments. 

Fig. 1 is an explanatory view of a coordinate system which defines the constituent data of an optical system ac- 
25 cording to the present invention. In each of the embodiments of the present invention, the i-th surface is a surface 
which lies at the i-th position numbered from an object side from which a ray travels toward an image plane (the ray 
is shown by alternate long and short dash lines in Fig. 1 and is hereinafter referred to as the reference axis ray). 

In Fig. 1 , a first surface R1 is a stop, a second surface R2 is a refracting surface coaxial with the first surface R1 , 
a third surface R3 is a reflecting surface which is tilted with respect to the second surface Ft2, a fourth surface R4 is a 
30 reflecting surface which is shifted and tilted with respect to the third surface R3, a fifth surface R5 is a reflecting surface 
which is shifted and tilted with respect to the fourth surface R4, and a sixth surface R6 is a refracting surface which is 
shifted and tilted with respect to the fifth surface R5. All of the second surface R2 to the sixth surface R6 are arranged 
on one optical element composed of a medium such as glass or plastics. In Fig. 1, such optical element is shown as 
a first optical element B1. 

35 Accordingly, in the arrangement shown in Fig. 1 , the medium between an object plane (not shown) and the second 

surface R2 is air, the second surface R2 to the sixth surface R6 are arranged on a certain common medium, and the 

medium between the sixth surface R6 and a seventh surface R7 (not shown) is air. 

Since the optical system according to the present invention is a decentered optical system, the surfaces which 

constitute part of the optical system do not have a common optical axis. For this reason, in each of the embodiments 
40 of the present invention, an absolute coordinate system is set the origin of which is the central point of an effective ray 

diameter at the first surface. 

In each of the embodiments of the present invention, the central point of the effective ray diameter at the first 
surface is set as the origin, and the path of the ray (reference axis ray) which passes through this origin and the center 
of a final image forming plane is defined as a reference axis (or axes) of the optical axis. In each of the present em- 

45 bodiments, the reference axes have directions, respectively. The directions correspond to the directions in which the 
reference axis ray travels to form an image. 

In the embodiments of the present invention, although the reference axes which provide a reference for the optical 
system are set in the above-described manner, axes which are convenient for optical design, aberration correction or 
representation of the shape of each surface which constitutes part of the optical system may be adopted as the refer- 

50 enceaxes which provide a reference for the optical system. However, in general, the path of a ray which passes through 
the center of an image plane and through any one selected from among the center of the stop, the center of an entrance 
pupil, the center of an exit pupil, the center of the first surface of the optical system and the center of the final surface 
of the optical system is set as the reference axes which provide a reference for the optical system. 

Specifically, in the embodiments of the present invention, although the ray (reference axis ray) which passes 

55 through the first surface, i.e., the central point of the effective ray diameter at the surface of the stop, and leads to the 
center of the final image forming plane is refracted and reflected along a path by individual refracting or reflecting 
surfaces, this path is set as the reference axis (axes). The order of the surfaces is set tothe order in which the reference 
axis ray is subjected to refraction and reflection. 
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Accordingly, the reference axis finally reaches the center of the image plane while changing its direction in the 
order of the surfaces in accordance with the law of refraction or reflection. 

Tilting planes which constitute part of the optical system of each of the embodiments of the present invention are 
basically tilted in the same plane. For this reason, each axis of the absolute coordinate system is defined as follows: 

■ s 

Z axis: reference axis which passes through the origin and extends to the second surface R2; 
Y axis: straight line which passes through the origin and makes an angle of 90* with the z axis in the counterclock- 
wise direction in a tilting plane {on the surface of the sheet of Fig. 1); and 

X axis: straight line which passes through the origin and is perpendicular to each of the Zand Y axes (perpendicular 
io to the surface of the sheet of Fig. 1). 

If the surface shape of the i-th surface which constitutes part of the optical system is to be expressed, it is possible 
to more readily understand and recognize such surface shape by setting a local coordinate system the origin of which 
is a point at which the reference axis intersects the i-th surface, and expressing the surface shape of the i-th surface 

is by using the local coordinate system than by expressing the surface shape of the i-th surface by using the absolute 
coordinate system. Accordingly, in some embodiments of the present invention the constituent data of which are shown 
herein, the surface shape of the i-th surface is expressed by its local coordinate system. 

The tilting angle of the Mh surface in the Y, Z plane is expressed by an angle 6i (unit: degree) which shows a 
positive value in the counterclockwise direction with respect to the Z axis of the absolute coordinate system. Accordingly, 

20 in each of the embodiments of the present invention, the origins of the local coordinate systems of the respective 
surfaces are located on the Y, Z plane, as shown in Fig. 1 . The decentering of the surfaces is absent in the X, Z plane 
or the X, Y plane. In addition, the y and z axes of the local coordinates (x, y, z) of the i-th surface are inclined by the 
angle 6i in the Y, Z plane with respect to the absolute coordinate system (X, Y, Z). Specifically, the x, y and z axes of 
the local coordinates (x, y, z) are set in the follow manner: 

25 

z axis: straight line which passes through the origin of the local coordinates and makes the angle 6i with the Z 
direction of the absolute coordinate system in the counterclockwise direction in the Y, Z plane; 
y axis: straight line which passes through the origin of the local coordinates and makes an angle of 90* with the z 
direction of the local coordinates in the counterclockwise direction in the Y Z plane; and 
30 x axis: straight line which passes through the origin of the local coordinates and is perpendicular to the Y, Z plane. 

Symbol Di indicates a scalar which represents the distance between the origin of the local coordinates of the i-th 
surface and that of the (i+1)-st surface. Symbols Ndi and vdi respectively indicate the refractive index and the Abbe 
number of the medium between the i-th surface and the (i+1 )-st surface. 

35 The optical system of each of the embodiments of the present invention varies its entire focal length (magnification) 

by the movement of a plurality of optical elements. Regarding each of the embodiments which have numerical data 
shown herein, the cross section of its optical system and the numerical data are shown with respect to three positions, 
i.e., a wide-angle end (W), a telephoto end (T) and a middle position (M). 

If the optical element shown in Fig. 1 moves in the Y, Z plane, the origin (Yt, Zi) of each of the local coordinate 

40 systems which represent the positions of the respective surfaces takes on a different value for each varied magnification 
position. However, in the case of the embodiments having the numerical data shown herein, since the optical element 
is assumed to move in only the Z direction for the purpose of variation of magnification, the coordinate value Zi is 
expressed by Zi(W), Zi(M) and Zi(T) in the order of the wide-angle end, the middle position and the telephoto end which 
respectively correspond to three states to be taken by the optical system. 

45 Incidentally, the coordinate values of each of the surfaces represent those obtained at the wide-angle end, and 

each of the middle position and the telephoto end is expressed as a difference between the coordinate values obtained 
at the wide-angle end and the coordinate values obtained at the respective one of the middle position and the telephoto 
end. Specifically, letting "a' and "b* be the respective amounts of movements of the optical element at the middle 
position (M) and the telephoto end (T) with respect to the wide-angle end (W), these amounts of movements are 

so expressed by the following expressions: 

Zi(M)=Zi(W)+a, 
Zi(T)= Zi(W)+ b. 

ss |f all the surfaces move in their Z plus directions, the signs of "a' and 'b" are positive, whereas if they move in their Z 
minus directions, the signs *a" and "b" are negative. The surface-to-surface distance Di which varies with these move- 
ments is a variable, and the values of the variable at the respective varied magnification positions are collectively 
shown on tables which will be referred to later. 
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Each of the embodiments of the present invention has spherical surfaces and aspheric surfaces of rotational asym- 
metry. Each of the spherical surfaces has a spherical shape expressed by a radius of curvature Rj. The sign of the 
radius of curvature R| is minus if the center of curvature is located on the side of the first surface along the reference 
axis (shown by the alternate long and short dash lines in Fig. 1 ) which travels from the first surface to the image plane, 
whereas if the center of curvature is located on the side of the image forming plane along the reference axis, the sign 
of the radius of curvature R, is plus. 

Each of the spherical surfaces is a shape expressed by the following expression: 



. J/R s 

z - 



1/2" 



In addition, the optical system according to the present invention has at least one aspherical surface of rotational 
asymmetry, and its shape is expressed by the following expressions: 

1S A = (a + b)-(y 2 .cos 2 t + x 2 ), 

B = 2a-bcos t[1+{(b-a)-y -sin t/(2a-b)} 

+ [1{(b - aj-y-sin t/(a-b)} - (y 2 /(a-b)} - {4a*b-cos 2 t + (a + b) 2 sin 2 t} x 2 
/(4a 2 b 2 cos 2 t)] 1/2 3, 



so that 



z = A/B + C 02 y 2 + C 20 x 2 + C ra y 3 + C 21 x 2 y + C M y 4 + C 22 x 2 y 2 + C 4Q x 4 . 



25 Since the above curved-surface expression contains only even-degree polynomials regarding x, the curved surface 
expressed by the above curved-surface expression has a shape symmetrical with respect to the Y, Z plane. Further, 
if the following condition is satisfied, a shape symmetrical with respect to the X, Z plane is obtained: 

C 03 = C 21 =t = 0 - ' ! 

30 Further, if the following expression is satisfied, a shape of rotational symmetry is obtained: 

C 02 = C 20 C 04 = C 40 = C 22 /2 " 

If the above conditions are not satisfied, a shape of rotational asymmetry is obtained. 

In each of the embodiments" of the present invention, as shown in Fig. 1 , the first surface (the entrance side of the 

35 optical system) is the stop. A horizontal half-angle of view u x is the maximum angle of view of a light beam incident on 
the stop R1 in the Y, Z plane of Fig. 1 , while a vertical half-angle of view u x is the maximum angle of view of a light 
beam incident on the stop R1 in the X, Z plane of Fig. 1 . The diameter of the stop which is the first surface is shown 
as an aperture diameter which relates to the brightness of the optical system. Since an entrance pupil is located at the 
first surface, the aperture diameter is equal to the diameter of the entrance pupil. 

40 The effective image area in the image plane is represented by an image size which is represented by a rectangular 

region having a horizontal size taken in the y direction of the local coordinate system and a vertical size taken in the 
x direction of the bcal coordinate system. 

Regarding each of the embodiments the constituent data of which are shown herein, the size of its optical system 
is also shown. The size is determined by the effective ray diameter at the wide-angle end. 

45 Regarding the embodiments which are illustrated together with the constituent data, their respective lateral aber- 

ration charts are shown. Each of the lateral aberration charts shows the lateral aberrations of a light beam for the wide- 
angle end (W), the middle position (M) and the telephoto end (T), and the lateral aberrations are those of the light beam 
which is incident on the stop R1 at an angle of incidence which is defined by a horizontal angle of incidence and a 
vertical angle of incidence which are (u y , u x ), (0, u x ), (-u yi u x ), (u y , 0), (0, 0) and (-Uy, 0), respectively. In each of the 

so lateral aberration charts, the horizontal axis represents the height of incidence on the pupil, and the vertical axis rep- 
resents the amount of aberration. In any of the embodiments, since each of the surfaces basically has a shape sym- 
metrical with respect to the Y, Z plane, the plus and minus directions of a vertical angle of view are the same in the 
lateral aberration chart. For this reason, the lateral aberration chart in the minus direction is omitted for the sake of 
simplicity. 

55 Embodiments 1 to 4 which will be described below are qualitative embodiments the constituent data of which are 

not shown herein, while the constituent data of Embodiments 5 to 16 are shown herein. 

Incidentally, in each of Embodiments 1 to 4, surface symbols or the like are attached to each constituent optical 
element, independently of the above-described nomenclature. Specifically, the stop is denoted by B L and the final 
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image plane is denoted by R and the surfaces of the M-th optical element are respectively denoted by , R mt2 

R m41 in that order as viewed from the first surface. 

[Embodiment 1] 

s 

Fig. 2 is a schematic view of the essential portion of Embodiment 1 of the present invention. The present embod- 
iment is intended for an image pickup optical system which constitutes a so-called two-group type of zoom lens. The 
image pickup optical system shown in Fig. 2 includes a first optical element B1 and a second optical element B2 each 
having a plurality of curved reflecting surfaces. The first optical element B1 includes a concave refracting surface R, (1 , 
to four reflecting surfaces, i.e., a concave mirror R t t2 , a convex mirror R 13 , a concave mirror R t 4 , and a convex mirror 
R 1 5 , and a convex refracting surface 6 in that order as viewed from the object side. The direction of the reference 
axis which enters the first optical element B1 and the direction of the reference axis which exits from the first optical 
element B1 are parallel to and the same as each other. 

The second optical element B2 includes a convex refracting surface R^, four reflecting surfaces, i.e., a convex 
is mirror Rg 2 > a concave mirror Ra 3 , a convex mirror Ffe^ and a concave mirror Rgs, and a convex refracting surface 
R 2 6 in that order as viewed from the object side. Similarly to the first optical element B1 , the direction of the reference 
axis which enters the second optical element B2 and the direction of the reference axis which exits from the second 
optical element B2 are parallel to and the same as each other. 

The image pickup optical system shown in Fig. 2 also includes an optical correcting plate B3 which employs a 
20 plane parallel plate and is composed of a low-pass filter made of a quartz material, an infrared cut filter or the like. 

The image pickup optical system shown in Fig. 2 also includes an image pickup element surface P which serves 
as the final image plane, such as the image pickup surface of a CCD (image pickup medium), and the stop B|_ which 
is disposed on the object side of the first optical element B1 (the light-beam entrance side of the optical system). In 
Fig. 2, symbol Ai represents the reference axis of the image pickup optical system. 
25 The first optical element B1 and the second optical element B2 constitute part of the two-group zoom lens. 

The image forming action of the present embodiment will be described below. A light beam 8 from an object is 
limited to a required amount of incidence by the stop Bl, and is then incident on the concave refracting surface 
of the first optical element B1 . 

The light beam which has been refracted by and passed through the concave refracting surface R 1 1 is reflected 
so from the concave mirror R, 2 toward a primary image forming plane N1 . Thus, an image of the object is formed on the 
primary image forming plane N1 by the power of the concave mirror R 15 . 

Bytemporarily forming the image of the object in the first optical element B1 in this manner, it is possible to effectively 
suppress an increase in the effective ray diameter of each surface disposed on the image side of the stop B|_. 

The light beam which has formed such primary image on the primary image forming plane N1 is repeatedly reflected 
35 by the convex mirror R 1 3 , the concave mirror Fl, 4 and the convex mirror R, 5 in that order while undergoing conver- 
gence or divergence due to the power of each oif these reflecting mirrors. When the light beam reaches the convex 
refracting surface R-, 6 , the light beam is refracted by the convex refracting surface R., 6 and forms the object image 
on a secondary image forming plane N2. 

As described above, the first optical element B1 functions as a lens unit which is provided with desired optical 
ao performance and has a positive power as a whole, owing to the refractions by the entrance and exit surfaces and the 
repeated reflections by the plurality of curved reflecting mirrors. 

The light beam from the object image formed on the secondary image forming plane N2 passes through the convex 
refracting surface F^j of the second optical element B2, and then forms the object image on a ternary image forming 
plane N3 via the convex mirror 2 and the concave mirror ,3 
4S For a reason similar to the reason why the object image is formed in the first optical element B1, the above- 

described step is effective for suppressing an increase in the effective ray diameter of each surface in the second 
optical element B2. 

The light beam which has formed the image on the ternary image forming plane N3 is repeatedly reflected by the 
convex mirror f% A and the concave mirror R 25 in that order while undergoing the influence of the power of each of 
so these reflecting mirrors. When the light beam reaches the convex refracting surface R2 6 , the light beam is refracted 
by the convex refracting surface R^ 6 and passes through the optical correcting plate B3 to form the object image on 
the image pickup element surface P. 

As described above, the second optical element B2 is arranged to again form on the image pickup element surface 
P the object image formed on the secondary image forming plane N2 by the first optical element B1 , and, similarly to 
ss the first optical element B1 , functions as a lens unit which is provided with desired optical performance and has a 
positive power as a whole, owing to the refractions by the entrance and exit surfaces and the repeated reflections by 
the plurality of curved reflecting mirrors. 

In addition, in the present embodiment, the focal length (image forming magnification) of the photographing optical 
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system is varied by relatively moving the first and second optical elements B1 and B2 with respect to the image pickup 
element surface (image forming plane) P. (This operation is called "variation of magnification' or "zooming'.) 

The magnification varying operation will be described below with reference to Figs. 3A and 3B. Figs. 3A and 3B 
are optical layout views each showing the first and second optical elements B1 and B2 of Embodiment 1 as single thin 
5 lenses, and show different states in which the photographing optical system is developed with respect to the reference 
axis. Incidentally, Fig. 3A is a layout view of the state in which the optical system is set to the wide-angle end (W), while 
Fig. 3B is a layout view of the state in which the optical system is set to the telephoto end (T). 

In Figs. 3A and 3B, f, represents the focal length of the first optical element B1, f 2 represents the focal length of 
the second optical element B2, x^-) represents the distance between a front focal point F 2 of the second optical element 
to B2 and the secondary image forming plane N2 with the optical system being set to the wide-angle end (W), and x^ 
represents the distance between a rear focal point F 2 ' of the second optical element B2 and the image forming plane 
P with the optical system being set to the wide-angle end (W). (The respective subscripts w and T indicate that the 
optical system is set to the wide-angle end and that a value indicating that the optical system is set 10 the telephoto end.) 

From Newton's formula for image formation, if 

2 



15 



20 



45 



SO 



X W * X w' - " f 2 



is satisfied, an image forming magnification jJ 2 w of the second optical element B2 becomes: 
fow = -(XW +f2)/(-*W+f2) 

= f 2 /xw 

= -xw/r 2 , (!) 

25 and also a focal length f w of the optical system at the wide-angle end becomes: 
f\y = fl*P2W 

= fi*f 2 /x w - < 2 > 

30 

Thus, if the second optical element B2 moves while satisfying Newton's formula for image formation and the first 
optical element B1 moves to correct the positional variation of the intermediate image forming plane N2 due to the 
movement of the second optical element B2, the optical system varies the focal length without varying the final image 
forming position P. 

-35 Suppose that the second optical element B2 has moved by a predetermined amount and the optical system has 

shifted from the wide-angle end (W) to the telephoto end (T). Let x T (-) be the distance between the front focal point F 2 
of the second optical element B2 and the intermediate image forming plane N2, and let x T ' be the distance between 
the rear focal point F 2 ' of the second optical element B2 and the image forming plane P. An image forming magnificat ran 
p 2T of the second optical element B2 becomes: 

40 

fer = (XT' + f2)/(-XT+f2) 
= f 2 / X T 

= -X T '/f 2 , < 3 ) 

and also a focal length f T of the optical system at the telephoto end becomes: 

= fl*f 2 /x T . < 4 > 

Therefore, a magnification variation ratio Z of the optical system becomes: 

55 Z=f T /f W 

= X W / XT • ( 5 ) 
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Accordingly: the optical system is able to vary the focal length (image forming magnification) without varying the 
final image forming position P, by varying the positional relationships between the first optical element B1 and the 
second optical element B2 and between the second optical element B2 and the final image forming position R 

Although focusing in Embodiment 1 can be achieved by moving an arbitrary optical element which constitutes part 
s of the optical system, it is preferable to move an optical element of lightest weight, in terms of the load of a focusing 
actuator. 

In addition, if the amount of movement of the optical element is to be fixed with respect to the distance to an object 
to be photographed, irrespective of the variation of magnification, it is preferable to move the first optical element B1 
disposed at a location closest to the object side. 
to Incidentally, if the second optical element B2 which moves during the variation of magnification is arranged to 

move during focusing as well, both the focusing actuator and a magnification varying actuator can be achieved by a 
common arrangement. 

The effects and advantages of the present embodiment will be described below. 

In the present embodiment, since the reflecting surfaces which move during variation of magnification are realized 
15 in the form of a unit, it is possible to guarantee the accuracy of the relative positions between the respective reflecting 
surfaces which require a highest position accuracy in conventional mirror optical systems. Accordingly, in the present 
embodiment, it is only necessary to ensure the position accuracy between the first optical element B1 and the second 
optical element B2, and, hence, the position accuracy may be similar to that of a moving lens group used in a conven- 
tional refracting lens system. 

20 As compared with a refracting lens system, since each of the optical elements is constructed as a lens unit in which 

a plurality of curved reflecting surfaces are integrally formed, the required number of components of the entire optical 
system is reduced so that a reduction in the cost of the optical system can be achieved and accumulated errors due 
to the mounting of other components can be reduced. 

By adopting the arrangement which transmits an object image by repealing image formation by a plurality of times, 
2S the effective ray diameter of each surface can be reduced so that each of the optical elements and the entire photo- 
graphing optical system can be made compact. 

Since the image formation size of an intermediate image forming plane is set to be comparatively small with respect 
to the size of the image pickup surface, it is possible to reduce the effective ray diameter of each surface which is 
required to transmit the object image. 
30 in the case of many conventional photographing optical systems, stops are disposed in optical systems. If a stop 

is disposed in an optical system, there is the problem that as an angle of view increases, a lens which is disposed on 
the object side of the stop at a greater distance therefrom requires a greater effective ray diameter. 

In the present embodiment, since the stop Bl is disposed in the vicinity of the entrance surface of the first optical 
element B1 located on the object side of the photographing optical system, the effective ray diameter of the front lens 
35 group of the photographing optical system is prevented from increasing when the focal length of the photographing 
optical system is shifted to a wide-angle side. 

In addition, since the object image is formed in each of the optical elements, an increase in the effective ray diameter 
of each surface disposed on the image side of the stop Bl is effectively suppressed. 

The reference axes of each of the first optical element B1 and the second optical element B2 are completely 
40 contained in the Y, 2 plane. Accordingly, by setting the movement of each of the optical elements so that they move 
on a plane parallel to the Y, Z plane, even if the first optical element B1 and the second optical element B2 move during 
variation of magnification, it is possible to readily maintain the parallelism between the Y, Z plane which contains the 
reference axes and the plane on which each of the optical elements moves. Accordingly, it is possible to readily eliminate 
the parallelism decentering in the X-axis direction of the optical elements B1 and B2 and the rotations about the Y- and 
4£ Z-axes of each of the optical elements B1 and B2. 

However, even if the Y, Z plane which contains the reference axes and the plane on which both optical elements 
move are oblique, no decentering aberration occurs as long as the movement plane is parallel to direction vectors 
obtained when the Y, Z plane which contains the reference axes moves during the variation of magnification. 

Since the optical elements are disposed on one plane, both optical elements can be incorporated from one direction, 
so so that assembly becomes very easy. 

Although in the present embodiment the secondary image forming plane N2 is formed at an intermediate position 
between the first optical element B1 and the second optical element B2, the secondary-image forming plane N2 may 
also be provided in the inside of the first optical element B1 or the second optical element B2. 

Regarding the directions in which the respective optical elements move during variation of magnification, if the 
55 position of the incidence point of the reference axis on each reflecting surface is not changed during the movement of 
each of the optical elements from the wide-angle end to the telephoto end, the amount of error which occurs in such 
directions during the variation of magnification can be minimized. For this reason, the directions in which the reference 
axis enters and exits from each of the optical elements B1 and B2 are made parallel, and, in addition, the optical 
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elements B1 and B2 are made to move in parallel with the reference axis which enters and exits from each of the 
optical elements B1 and B2. 

In the present embodiment, if the optical elements are to be arranged in such a manner that the directions in which 
the reference axis enters and exits from each of the optical elements are parallel to each other, two kinds of patterns 
s are available, i.e., one pattern is to make the exit direction of the reference axis the same as the entrance direction 
thereof, and the other pattern is to make the former direction opposite to the latter direction. If the exit direction is made 
opposite to the entrance direction, the distance between the entrance side and the exit side varies with the movement 
of the optical elements by the same amount as the amount of such movement so that the optical path length can be 
varied by a total amount equivalent to twice the amount of the movement. 
io if the exit direction is made the same as the entrance direction, the position at which the reference axis enters and 

the position at which the reference axis exits can be shifted to desired positions. 

Since the embodiment of the present invention can be constructed in either of the aforesaid two kinds of patterns, 
it is possible to expand the freedom of optical layout design. 

However, it is not necessary that the moving directions of the two optical elements be made parallel to the directions 
is in which the reference axis enters and exits from these optical elements, and, for example, the directions in which the 
reference axis enters the optical elements may make a certain angle, such as 30*, 45* or 60°, with the moving directions 
of the optical elements. 

[Embodiment 2] 

20 

Fig. 4 is a schematic view of the essential portion of Embodiment 2 of the present invention. The present embod- 
iment is intended for an image pickup optical system which constitutes a so-called two-group type of zoom lens. The 
arrangement of the present embodiment is such that the moving directions in which optical elements move during 
variation of magnification are not parallel to the direction in which a reference axis enters an optical element disposed 

25 at a location closest to the object side. 

The image pickup optical system shown in Fig. 4 includes the first optical element 81 and the second optical 
element B2 each having a plurality of curved reflecting surfaces. The first optical element B1 includes the concave 
refracting surface Rj four reflecting surfaces, i.e., the concave mirror R-, 2 , the convex mirror R-, 3 , the concave mirror 
R 1 4 , and the concave mirror R 1 and the convex refracting surface 6 in that order as viewed from the object side. 

30 The first optical element B1 is a lens unit which has a positive refractive power as a whole. The direction of the reference 
axis which enters the first optical element B1 and the direction of the reference axis which exits from the first optical 
element B1 make an inclination ol approximately 45° with respect to each other. 

The second optical element B2 includes the concave refracting surface R^i, six reflecting surfaces, i.e., the con- 
cave mirror R 2 2 , the concave mirror R 23 , the convex mirror R 24 , the concave mirror R 2 Sl the concave mirror R 2 6 and 

35 a concave mirror R 2 7 , and a convex refracting surface Rg 8 in that order as viewed from the object side. The second 
optical element B2 is a lens unit which has a positive refractive power as a whole. The direction of the reference axis 
which enters the second optical element B2 and the direction of the reference axis which exits from the second optical 
element B2 are parallel to and opposite to each other 

The image pickup optical system shown in Fig. 4 also includes the optical correcting plate B3 which employs a 

40 plane parallel plate and is composed of a quartz low-pass filter, an infrared cut filter or the like. 

The image pickup optical system shown in Fig. 4 also includes the image pickup element surface P, such as the 
image pickup surface of a CCD (image pickup medium), and the stop B[_ which is disposed on the object side of the 
first optical element B1 . In Fig. 4, symbol Ai represents the reference axis of the image pickup optical system. 

The image forming action of the present embodiment will be described below. A light beam from an object is limited 

45 to a required amount of incidence by the stop B L , and is then incident on thB concave refracting surface R lt1 of the 
first optical element B1 . The light beam is refracted by and passes through the concave refracting surface , , and is 
then repeatedly reflected by the concave mirror R n 2 , the convex mirror 3 , the concave mirror R, 4 and the concave 
mirror s in that order while undergoing convergence or divergence due to the power of each of these reflecting 
mirrors. When the light beam reaches the convex refracting surface R, 6 , the light beam is refracted by the convex 

50 refracting surface R 1 6 and forms the object image on the intermediate image forming plane N1 . Incidentally, an inter- 
mediate image of the object is temporarily formed in the first optical element B1 as well. 

The light beam from the object image on the intermediate image forming plane N1 passes through the concave 
refracting surface R 2 11 of the second optical element B2, and reaches the convex refracting surface Rg e via the concave 
mirror 2 the concave mirror R 2 3 the convex mirror R 24 , the concave mirror R 25 , the concave mirror R 26 a nd the 

55 concave mirror R 2 7 . The light beam is refracted by the convex refracting surface R 2 8 and exits from the second optical 
element B2. Incidentally, an intermediate image of the object is temporarily formed in the second optical element B2 
as well. 

The light beam which has exited from the second optical element B2 passes through the optical correcting plate 
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B3 and then forms the object image on the image pickup element surface P. 

In the present embodiment, focusing for different object distances is effected by moving the second optical element 
B2. At this time, the second optical element B2 moves in parallel with the direction of a reference axis Aj 6 which exits 
from the first optical element B1. However, since the direction of a reference axis Aq which enters the first optical 
5 element B1 and the direction of the reference axis A, 6 which exits from the first optical element Bl make an inclination 
of approximately 45° with respect to each other, the direction in which the second optical element B2 moves during 
focusing is inclined at approximately 45° from the direction of the reference axis Aq which enters the first optical element 
Bl. 

Accordingly, during focusing, the second optical element B2 moves in parallel with both the direction of the refer- 
to ence axis A 16 which enters the second optical element B2 and the direction of a reference axis Aj q which exits from 
the second optical element B2. At the same time, the second optical element B2 moves with an inclination of approx- 
imately 45° with respect to the direction of the reference axis Aq which enters the first optical element B1 . 

In the present embodiment as well, similarly to the first embodiment, the image forming magnification of the pho- 
tographing optical system is varied by relatively moving the first and second optical elements B1 and B2 with respect 
15 to the image forming plane P However, unlike Embodiment 1 in which the directions in which the reference axis enters 
and exits from each of the optical elements and the moving directions of the respective optical elements are all parallel 
to one another, the direction of the reference axis which enters the first optical element B1 and the direction of the 
reference axis which exits from the first optical element B1 make an inclination of approximately 45° with respect to 
each other. For this reason, during a magnification varying operation, to maintain the direction of the reference axis 
so which enters the second optical element B2 from the first optical element Bl, the first optical element B1 is made to 
move in parallel with the direction of the reference axis which enters the second optical element B2. 

[Embodiment 3] 

25 Fig. 5 is a schematic view of the essential portion of Embodiment 3 of the present invention. The present embod- 

iment is intended for an image pickup optical system which constitutes a so-called two-group type of zoom lens. The 
image pickup optical system shown in Fig. 5 includes the first optical element B1 and the second optical element B2 
each having a plurality of curved reflecting surfaces. The first optical element B1 includes the concave refracting surface 
R, 1t four reflecting surfaces, i.e., the concave mirror R^, the convex mirror R t 3 , the concave mirror R 1 4 and the 

30 convex mirror R, 5 , and the concave refracting surface R-, 6 in that order as viewed from the object side. The first optical 
element B1 is a lens unit which has a negative refractive power as a whole. Similarly to Embodiment 1, the direction 
of the reference axis Aq which enters the first optical element B1 and the direction of the reference axis A, i6 which 
exits from the first optical element Bl are parallel to and the same as each other. 

The second optical element B2 includes the convex refracting surface 1( four reflecting surfaces, i.e., the convex 

35 mirror R 2 ^ t the concave mirror R^g, the convex mirror R 24 and the concave mirror Rj 5 , and the convex refracting 
surface R2 6 in that order as viewed from the object side. The second optical element B2 is a lens unit which has a 
positive refractive power as a whole. Similarly to the first optical element B1, the direction of the reference axis A 1 6 
which enters the second optical element B2 and the direction of a reference axis A2 6 which exits from the second 
optical element B2 are parallel to and the same as each other. 

40 The image pickup optical system shown in Fig. 5 also includes the optical correcting plate B3 which employs a 

plane parallel plate and is composed of a quartz low-pass filter, an infrared cut filter or the like. 

The image pickup optical system shown in Fig. 5 also includes the image pickup element surface P, such as the 
image pickup surface of a CCD (image pickup medium), and the stop B|_ which is disposed on the object side of the 
first optical element B1 . In Fig. 5, symbol Ai represents the reference axis of the image pickup optical system. 

45 The image forming actbn of the present embodiment will be described bebw. A light beam from an object is limited 

to a required amount of incidence by the stop B L , and is then incident on the concave refracting surface (1 of the 
first optical element B1 . The light beam is refracted by and passes through the concave refracting surface R^, and is 
then repeatedly reflected by the concave mirror R^, the convex mirror Rj 3 , the concave mirror R., 4 and the convex 
mirror R n 5 in that order while undergoing convergence or divergence due to the power of each of these reflecting 

50 mirrors. When the light beam reaches the concave refracting surface R t 6 , the light beam is refracted by the concave 
refracting surface R 1 B and exits from the first optical element B1. Incidentally, an intermediate image of the object is 
temporarily formed in the first optical element B1 . 

Then, the light beam passes through the convex refracting surface A of the second optical element B2. and is 
then repeatedly reflected by the convex mirror R 25 , the concave mirror R 2 3 the convex mirror R 2 4 and the concave 

55 mirror R 2 s . When the light beam reaches the convex refracting surface F^ 6 , the light beam is refracted by the convex 
refracting surface R2 6 and exits from the second optical element B2. Incidentally, an intermediate image of the object 
is temporarily-formed in the second optical element B2. 

The light beam which has exited from the second optical element B2 passes through the optical correcting plate 
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B3 to form the object image on the image pickup element surface P. 

In the present embodiment as well, similarly to Embodiment 1 , the focal length (image forming magnification) of 
the optical system is varied without varying the final image forming position P, by relatively moving the first and second 
optical elements 81 and B2 with respect to the image forming plane P. 

s The magnification varying operation of the present embodiment will be described below with reference to Figs. 6A 

and 6B. Figs. 6A and 6B are optical layout views each showing the first and second optical elements 81 and B2 of 
Embodiment 3 as single thin lenses, and show different states in which the optical system is developed with respect 
to the reference axis. Incidentally, Fig. 6A is a layout view of the state in which the optical system is set to the wide- 
angle end (W), while Fig. 6B is a layout view of the state in which the optical system is set to the telephoto end (T). 

10 in Figs. 6A and 6B, let !,{-) be the local length of the first optical element B1, let f 2 be the focal length of the second 

optical element B2, let x w (-) be the distance between the front focal point F 2 of the second optical element B2 and the 
image point of the first optical element B1 , and let x w ' be the distance between the rear focal point F 2 ' of the second 
optical element B2 and the image forming plane P. If Newton's formula for image formation: 

is x w * x w' = " f 2 

is satisfied, the image forming magnification p 2W °f tne second optical element B2 becomes: 

02 W = -(xw' + fas) 1 (- x w + h) 
20 =f 2 /w 

= -xw / h t (6) 

and also the focal length f w of the optical system at the wide-angle end becomes: 

£5 ' 

f w = f t * p 2 w 

= f 1 *r 2 /x w . (7) 

30 Thus, if the second optical element B2 moves while satisfying Newton's formula for image formation and the first 
optical element B1 moves to correct the positional variation of the object point of the second optical element B2 due 
to the movement of the second optical element B2, the optical system can vary the entire focal length without varying 
the final image forming position R 

Suppose that the second optical element B2 has moved by a predetermined amount and the optical system has 

35 shifted from the wide-angle end (W) to the telephoto end (T). Let x T (-) be the distance between the front focal point F 2 
of the second optical element B2 and the image point of the first optical element B1 with the optical system being set 
to the telephoto end (T), and let x T ' be the distance between the rear focal point F 2 ' of the second optical element B2 
and the image forming plane P with the optical system being set to the telephoto end (T). The image forming magni- 
fication p 2T of the second optical element B2 becomes: 

40 

Prr=(xT+f2)/(-XT+f2) 

=:f 2 /x T 

45 =-XT/f 2 , < 8 > 

and also the focal length f T of the optical system at the telephoto end becomes: 

h = f i * Pzr 

so 

= fl*f 2 /x T . (9) 

Therefore, the magnification variation ratio Z of the optical system becomes: 
ss Z = fj / f w 

= x w /x T - ( 10 > 
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In Embodiment 1. the secondary image forming plane N2 is present at an intermediate position between the first 
optical element B1 and the second optical element B2; whereas, in the present embodiment, the first optical element 
B1 has a negative refractive power as a whole and forms the light beam from the object on the object side as a virtual 
image, and the image forming relationship of the second optical element B2 is established by using the position of the 
s virtual image as the object point. 

Even in the case of another optical arrangement in which both optical elements are arranged in the reverse order 
to the present embodiment, i.e., an optical element having a positive refractive power as a whole and an optical element 
having a negative refractive power as a whole are arranged in that order as viewed from the object side, it is possible 
to vary the focal length (image forming magnification) of the photographing optical system by relatively moving each 
10 of the optical elements. 

[Embodiment 4] 

Fig. 7 is a schematic view of the essential portion of Embodiment 4 of the present invention. The present embod- 
15 iment is intended for an image pickup optical system which constitutes a so-called three-group type of zoom lens. The 
image pickup optical system shown in Fig. 7 includes the first optical element B1, the second optical element B2 and 
a third optical element B3 each of which has a plurality of curved reflecting surfaces. The first optical element B1 
includes the concave refracting surface R 11t three reflecting surfaces, i.e.. the concave mirror R,^. the convex mirror 
3 and the concave mirror R 1 4 , and the convex refracting surface s in that order as viewed from the object side. 
20 The first optical element B1 has a positive refractive power as a whole, and the direction of the reference axis Aq which 
enters the first optical element B1 and the direction of the reference axis A-, 5 which exits from the first optical element 
B1 are approximately perpendicular to each other. 

The second optical element B2 includes the plane surface R 2 v five reflecting surfaces, i.e., the concave mirror 
R 22 the plane mirror R^, the convex mirror R 24( the plane mirror R 2 5 and the concave mirror Ffe 6 . and the plane 
25 surface R 2 7 , in that order as viewed from the object side. The second optical element B2 has a positive refractive 
power as a whole, and the direction of the reference axis A 1 5 which enters the second optical element B2 and the 
direction of a reference axis A 2 7 which exits from the second optical element B2 are parallel to and opposite to each 
other. 

The third optical element B3 includes a convex refracting surface R 3 ^ , four reflecting surfaces, i.e. , a convex mirror 
30 r 3 2 , a concave mirror R 3 3 , a concave mirror R 3 4 and a convex mirror R 3 5 , and a concave relracting surface R 3 e in 
that order as viewed from the object side. The third optical element B3 has a positive refractive power as a whole, and 
the direction of the reference axis A27 which enters the third optical element B3 and the direction of a reference axis 
A 3 6 which exits from the optical correcting plate B3 are parallel to and the same as each other. 

A fourth optical element B4 is a triangular prism which includes a convex refracting surface R4 1( a plane mirror 
35 R 4 2 and a plane surface R 4 3 in that order as viewed from the object side, and the direction of a reference axis A3 6 
which enters the fourth optical element B4 and the direction of a reference axis ^ 3 which exits from the fourth optical 
element B4 are approximately perpendicular to each other. 

The image pickup optical system shown in Fig. 7 also includes an optical correcting plate B5 which employs a 
plane parallel plate and is composed of a low-pass filter made of a quartz material, an infrared cut filter or the like. 
40 The image pickup optical system shown in Fig. 7 also includes the image pickup element surface P, such as the 

image pickup surface of a CCD (image pickup medium), and the stop Bl which is disposed on the object side of the 
first optical element B1 . In Fig. 7, symbol Ai represents the reference axis of the image pickup optical system. 

The image forming action of the present embodiment will be described below. A light beam from an object is limited 
to a required amount of incidence by the stop B L , and then enters the first optical element B1 . The first optical element 
<5 B1 forms the primary image forming plane N1 between its exit surface R-j 5 and the entrance surface R2/1 of the second 
optical element B2. 

The object image formed on the primary image forming plane N1 is again formed on the secondary image forming 
plane N2 between the exit surface Rg 7 of the second optical element B2 and the entrance surface R3 ., of the third 
optical element B3 by the second optical element B2. 
50 The object image formed on the intermediate image forming plane N2 is again formed on the ternary image forming 
plane N3 between the exit surface F^ 6 of the third optical element B3 and the entrance surface F^ A of the fourth optical 
element B4 by the third optical element B3. 

The fourth optical element B4 converges the light beam from the object image formed on the ternary image forming 
plane N3 and forms the object image on the image pickup element surface P via the optical correcting plate B5. 
55 in the present embodiment, to reduce the length of the optical system, particularly, in the Z direction of Fig. 7, the 

optical elements are disposed so that the optical path of the optical system can be effectively folded to remarkably 
reduce the length in the Z direction. 

Specifically, the light beam which has entered the first optical element B1 is incident on the concave refracting 
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surface ft, 1( and is then reflected in a direction perpendicular to the entrance direction, i.e., in the Y(-) direction, by 
the concave mirror R 1t2 disposed behind the concave refracting surface R^. 

The object light beam is then reflected in the Z(-) direction by the convex mirror R, 3 so that the length of the optical 
system is reduced in the Z-axis direction. 
s The object light beam which has been reflected in the Z{-) direction is again reflected in the Y(-) direction by the 

concave mirror 4 , and then passes through the convex refracting surface 5 and enters the second optical element 
B2. 

In the second optical element B2, the object light beam is totally reflected at the plane surface 3 and the plane 
surface R 25 , an effective ray area on the entrance surface F^ ., of the second optical element B2 and that on the plane 
10 surface R 23 of the second optical element B2 overlap each other, and an effective ray area on the entrance surface 
R 27 of the second optical element B2 and that on the plane surface H^ s of the second optical element B2 overlap 
each other Thus, the length of the second optical element B2 is reduced in the Z-axis direction. 

Then, the object light beam which has entered the second optical element B2 in the Y(-) direction exits in the Y{+) 
direction and enters the third optical element B3. 
15 In the third optical element B3, the object light beam is reflected in the Z(-) direction by the convex mirror R 3 ^, and 

after the object light beam is reflected in the Y(+) direction by the concave mirror R 3 3 at a position which does interfere 
with the first optical element B1 , the object light beam is temporarily reflected in the Z(+) direction by the concave mirror 
R 34 . Then, the object light beam is reflected in the Y(+) direction at a Z-axis position approximately identical to the 
point of incidence of the object light beam on the convex mirror R 3 2 , and the thus-reflected object light beam passes 
20 through the concave refracting surface Rg 6 and enters the fourth optical element B4. 

In the fourth optical element B4, after the object light beam is reflected in the Z{-) direction by the plane mirror R^, 
the object light beam passes through the optical correcting plate B5 and forms the object image on the image pickup 
element surface R 

The first, second and third optical elements B1 , B2 and B3 of the present embodiment constitute part of a so-called 
25 three-group type or zoom lens. The focal length (image forming magnification) of the photographing optical system is 
varied by relatively moving the second optical element B2 and the third optical element B3. 

The magnification varying operation of the present embodiment will be described below. During variation of mag- 
nification, the first optical element B1, the fourth optical element B4, the optical correcting plate B5 and the image 
pickup element surface P are fixed, while the second optical element B2 and the third optical element B3 are moved. 
30 During variation of magnification from the wide-angle end to the telephoto end, the second optical element B2 

moves in the Y(-) direction away from the first optical element B1 . 

Accordingly, the distance between the optical elements B1 and B2 increases, but, unlike the case of Embodiment 
1 in which the direction of the entrance reference axis and the direction of the exit reference axis are the same as each 
other, the distance between the optical elements B2 and B3 also increases by the same amount as the distance between 
35 the optical elements B1 and B2, because the direction of the reference axis which enters the second optical element'' 
B2 and the direction of the reference axis which exits from the second optical element B2 are parallel to and opposite 
to each other. 

Specifically, letting 8 be the amount of movement of the second optical element B2, even if the first optical element 
B1 and the image forming plane P are fixed during variation of magnification, the entire length of the photographing 
40 optical system becomes larger by twice the amount of movement 5 of the second optical element B2. 

" Figs. 8A and SB are optical layout views each showing the optical elements of Embodiment 4 as single thin lenses, 
and show different states in which the photographing optical system is developed with respect to the reference axis. 
The magnification varying operation of Embodiment 4 will be described below with reference to Figs. 8A and 8B. 
Incidentally, Fig. 8A is a layout view of the state in which the optical system is set to the wide-angle end (W), while Fig. 
is SB is a layout view of the state in which the optical system is set to the telephoto end (T). 

In Figs. 8A and 8B, f, represents the focal length of the first optical element B1, f 2 represents the focal length of 
the second optical element B2, f 3 represents the focal length of the third optical element B3, and f 4 represents the focal 
length of the fourth optical element B4. 

Assuming that the optical system is set to the wide-angle end (W), x^f-) represents the distance between the 
50 front focal point F 2 of the second optical element B2 and the primary image forming plane N1 , x^' represents the 
distance between the rear focal point F 2 ' of the second optical element B2 and the secondary image forming plane N2, 
x 3w(") represents the distance between a front focal point F 3 of the third optical element B3 and the secondary image 
forming plane N2, x 3W ' represents the distance between a rear focal point F 3 ' of the third optical element B3 and a 
ternary image forming plane N3, x^-) represents the distance between a front focal point F 4 of a fourth optical element 
55 B4 and the ternary image forming plane N3, and represents the distance between a rear focal point F 4 ' of the fourth 
optical element B4 and the image forming plane R 

Let P 2 w 06 tne image forming magnification of the second optical element B2, let be the image forming mag- 
nification of the third optical element B3, and let p 4 be the image forming magnification of the fourth optical element 
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B4. (The respective subscripts w and T indicate that the optical system is set to the wide-angle end and that the optical 
system is set to the telephoto end.) 

If Newton's formula for image formation is satisfied with respect to each intermediate formed image and each 
image forming plane, a composite magnification determined by the optical elements disposed behind the first optical 
element B1 becomes: 

Pw = p2W * few * p4 

= (f2/X 2W )*(f3/X3W) *< f 4 /x 4> 

= (h * h * U) I (X 2 W * X 3W * X4W) , (11 ) 

and the focal length f w oJ the optical system at the wide-angle end is expressed as: 

fw = fi * Pw 

= (f i * h * h * U) I (x 2 w * x 3W * X4) . (12) 

Thus, if the third optical element B3 is moved by r\ to prevent a positional variation of the ternary image forming 
plane N3 by correcting the position of the ternary image forming plane N3 according to a positional variation of the 
secondary image forming plane N2 which occurs when the second optical element B2 moves by 5 with respect to the 
first optical element B1, the optical system can vary the focal length without varying the position of the final image 
forming P. 

Referring to the developed view of the optical layout shown in Fig. BB, since the image forming plane P is fixed, 
the first optical element B1 which is originally fixed is shown to be relatively moved by 28 with respect to the first optical 
element B1. 

Since the second optical element B2 is moved by 8 with respect to the first optical element B1 , a distance x 2T (-) 
between the primary image forming plane Nl and the front focal point F 2 of the second optical element B2 becomes: 

X 2T = X 2W -S. (13) 

In addition, since the third optical element B3 is moved by r| with respect to the ternary image forming plane N3, 
a distance x 3T ' between the ternary image forming plane N3 and the front focal point F 3 of the third optical element 
B3 becomes: 

X 3 t' = *3W' "* ^ 

= -(f3 2 /X3W+-n) • 

In addition, since the entire length of the photographing optical system becomes longer by 28, a distance x 2 t'-x 3 t 
between the rear focal point F 2 ' of the second optical element B2 and the front focal point F 3 of the third optical element 
B3 becomes: 

X2T , -X3T = MW , -X 3W + &+ T 1 

= -f 2 2 /x 2 w-x3w + (15) 

By using Expressions (13) and (14), x^' and x 3T of Expression (15) are expressed as: 

X2r ' = .f 2 2 /X2T 

r-f 2 2 /<x 2 W- &) <16) 
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20 



25 



30 



X3T = * h 2 I Xyr* 

= (f 3 2 *X 3W )/(f3 2 + *3W**0 • (17) 



Therefore, Expression (15) becomes: 

- i 2 2 /(x m ■ 6) - (f 3 * * x 3W )/(f 3 2 + x 3W * n) 

10 o 

= -f 2 /x 2W -x 3W + 5 + ti. (18) 

Accordingly, the relationship of the movement of the third optical element B3 with respect to the movement of the 
second optical element B2 is expressed from Expression (18). 

In addition, since a composite magnification [Jy of the optical elements disposed on the image side of the first 
optical element B1 is expressed: 

Pr=fer*fer*§4 

= (f 2 /X?r)*(f3/X3T) *tf4/X4) 

= (f2*f3*f4)/(X?T*X3T*X4) , (19) 

the focal length f T of the optical system at the telephoto end after the movement of the optical elements becomes: 

fT = h * PT = (fl * h * h * f 4 ) /(X2T * X3T*_X4) 

= fi * h * h * U * (tf + x 3 w* ti) I {(X2W - 6) * h 2 * x 3W * M}* 

(20) 

Accordingly, the magnification variation ratio Z of the photographing optical system becomes: 
Z=f T /fw 

35 =X2W*X3W/(X2T*X 3T ) 

= x 2 w * x 3 w * (h 2 + x 3 w * t)) I {(x 2 w - 6) * h 1 * x 3 w} 

= X2W * (fa 2 + x 3 w * ti) / {(x 2 w - 6) * f 3 2 } • (21) 

40 

In the present embodiment, the length of the optical system in the Z direction is remarkably reduced by adopting 
the arrangement in which the optical path is effectively folded by using the optical elements in the above -described 
manner. In addition, since the shape of the third optical element B3 is selected to fill a dead space which follows the 
first optical element B1, the layout of all the optical elements involves no unnecessary space. 
45 in addition, by adopting the arrangement in which the second optical element B2 and the third optical element B3 

are moved in the Y-axis direction during variation of magnification, the length in the Z-axis direction is kept unchanged 
over the entire range of variation of magnification. 

Although in the present embodiment the direction of the reference axis A* 3 which exits from the fourth optical 
element B4 is bent by an angle of 90° with respect to the direction of the reference axis Ag 6 which enters the fourth 
50 optical element B4, the direction and the angle of the exiting reference axis ^,3 are not limited to those of the present 
embodiment. For example, a reflecting surface may be added so that the exiting reference axis A^ 3 is bent in a direction 
perpendicular to the surface of the sheet of Fig. Fig. 1 (the X direction). 

In addition, the reference axis Aq may be made to enter the optical system in a different direction in such a way 
that the reference axis Aq enters in the direction perpendicular to the surface of the sheet, as by disposing a 45° mirror 
£5 or the like on the object side of the stop B^ 

In addition, in the present embodiment, since the first optical element B1 is fixed during variation of magnification, 
the first optical element B1 and its reflecting surfaces for bending the entering reference axis may be integrally formed 
in advance. 
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tn the following description of embodiments, there are shown constituent data for each of the embodiments. Em- 
bodiments 5 to 12 are intended for two-group types of zoom lenses similar to Embodiment 1 , and Embodiments 13 to 
16 are intended for three-group types of zoom lenses which include three optical elements. 

In each of the following embodiments, reflecting surfaces which constitute part of an optical system are designed 
so that the curvatures of reflecting surfaces parallel to the surface of the sheet of the corresponding figure are different 
from the curvatures of reflecting surfaces perpendicular to the surface of the sheet of the same, so as to correct de- 
centering aberrations which are caused by decentering reflecting mirrors for the purpose of preventing a light beam 
from being blocked in a mirror optical system. 

In addition, by arranging these reflecting surfaces as rotationally asymmetrical surfaces, various aberrations can 
be fully corrected and optical elements having desired optical performance can be achieved. 

[Embodiment 5] 

Fig. 9 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 5 of the present invention. 
The present embodiment is intended for an image pickup optical system which constitutes a zoom lens having a mag- 
nification variation ratio of approximately 2x. Constituent data for Embodiment 5 are shown below. 

WIDE-ANGLE MIDDLE TELEPH0T0 
END POSITION END 



HORIZONTAL HALF-ANGLE 
OF VIEW 

VERTICAL HALF-ANGLE 
OF VIEW 



19.1 



14.5 



13.0 



9.8 



9.8 



7.4 



APERTURE DIAMETER 



2.0 



3.0 



4.0 



IMAGE SIZE 



HORIZONTAL 4 mm x VERTICAL 3 mm 



SIZE OF OPTICAL SYSTEM (X x Y x Z) = 6.6 x 21.4 x 32.9 

AT WIDE-ANGLE END 



1 

"1 



Yi Zi(W) 6i Di Ndi 
0.00 0.00 0.00 2.74 1 



vdi 



STOP 



FIRST OPTICAL ELEMENT 

2 0.00 2.74 0.00 6.00 

3 0.00 8.74 25.00 10.00 

4 -7.66 2.31 25.00 8.00 



1.51633 64.15 
1.51633 64.15 
1.51633 64.15 



REFRACTING 

SURFACE 

REFLECTING 

SURFACE 

REFLECTING 
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5 -7-66 10.31 0.00 VARIABLE 1 



SURFACE 

REFRACTING 

SURFACE 



SECOND OPTICAL ELEMENT 

6 -7.66 17.14 0.00 8.50 

7 -7.66 25.64 25.00 10.00 

8 -15.32 19.21 25.00 8.00 



1.51633 64.15 
1.51633 64.15 
1.51633 64.15 



9 -15.32 27.21 0.00 VARIABLE 1 



REFRACTING 

SURFACE 

REFLECTING 

SURFACE 

REFLECTING 

SURFACE 

REFRACTING 

SURFACE 



10 -15.32 32.90 0.00 0.00 



IMAGE PLANE 
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D5 
D9 



WIDE-ANGLE 
END 

6.82 

5.69 



MIDDLE 
POSITION 

2.79 

9.66 



TELEPHOTO 
END 

0.70 

13.66 



D1-D5 Zi(M) = Zi(W) + 0.06 Zi(T) = Zi(W) - 1.85 

D6-D9 Zi(M) = Zi(W) -.3.96 Zi(T) = Zi(W) - 7.97 

DIO Zi(M) = Zi(W) Zi(T) = Zi(W) 

SPHERICAL SHAPE 



Rl 




00 


R2 




-18.881 


R5 




-20.000 


R6 




20.000 


R9 




-21.267 


RIO 


a 


00 



ASPHERICAL SHAPE 
R3 



R4 



a = - 

C 0 3 = 
C 0 4 = 



1.34677e+01 b = 

-1.50202G-04 C 2I 
-2.91075e-05 C. 



02 
*03 



C 0 4 = 



-3.30421e+00 
' 0. 

« 1.25682e-03 
-1.86175e-04 



R7 a = 1.11832e+01 
C 02 = 0. 

C 03 = 7.66740e-04 
C 04 = 2.93867e-05 

R8 a = 2.55234e+01 
C 02 = 0. 

C M = 5.17718e-04 



*22 



-4.11138e+01 
= 0. 

= -1.86036e-04 
= 3*12691e-05 



b = 2.84464e+00 



5.54423e-04 
= 1.94371e-04 



C 20 - 0. 

C 2l = 



b = 
C 2l = 

c« = 



-7.18551e+00 
■ 0. 
8.86240e-04 
4.93024e-05 



b 

C 

C n - 



20 



C 04 = -2.62930e-05 C 22 



-1.52536e+02 

: 0. 

5.48567e-04 
-9.3I187e-06 



t = 2.21286e+01 



C 40 = -2.88791e-05 



t = -3.10932e+01 



C 40 = 1.48755e-04 



t = -2.44560e+01 



C 40 = -4.02913e-06 



t = -3.00410e+01 



C 40 = -2.01776e-05 



In the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, the second surface 



22 



EP 0 730 180 A2 



R2 to the fifth surface R5 constitute part of the first optical element B1 . the sixth surface R6 to the ninth surface R9 
constitute part of the second optical element B2, and the tenth surface RtO is an image plane. 

An image forming operation for an object lying at infinity will be described below. First, a light beam passes through 
the first surface R1 and enters the first optical element B1. In the first optical element B1, the light beam is refracted 
5 by the second surface R2, then reflected by the third surface R3 and the fourth surface R4 P then refracted by the fifth 
surface R5, and then exits from the first optical element B1 . During this time, a primary image is formed on an inter- 
mediate image forming plane near to the fourth surface R4. 

Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 
refracted by the sixth surface RS, then reflected by the seventh surface R7 and the eighth surface R8, then refracted 
io by the ninth surface R9, and then exits from the second optical element B2. During this time, a pupil is formed in the 
vicinity of the seventh surface R7 in the second optical element B2. The light beam which has exited from the second 
optical element B2 finally forms an object image on the tenth surface R10 {the image pickup surface of the image 
pickup medium such as a CCD). 

In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 
15 direction of the reference axis which exits from the first optical element B1 are parallel to and the same as each other. 
In addition, the direction of the reference axis which enters the second optical element B2 and the direction of the 
reference axis which exits from the second optical element B2 are parallel to and the same as each other. 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 temporarily moves in the Z plus direction from the 
20 wide-angle end toward the telephoto end, and then moves in the Z minus direction. Tho second optical element B2 
moves in the Z minus direction from the wide-angle end toward the telephoto end. The tenth surface R10 which is the 
image plane does not move during the variation of magnification. Thus, when the variation of magnification from the 
wide-angle end toward the telephoto end is effected, the distance between the first optical element B1 and the second 
optical element B2 is decreased, whereas the distance between the second optical element B2 and the image plane 
25 R10 is increased. 

Each of Figs. 10 : 11 and 12 shows lateral aberration charts of the present embodiment. The respective lateral 
aberration charts show lateral aberrations in the Y and X directions, relative to six light beams which enter the present 
embodiment at different angles of incidence of <u Y , u x ), {0, u x ), (-u Y , u x ), (u Y , 0), (0, 0) and (-u Y , 0), respectively. The 
horizontal axis of each of the lateral aberration charts represents the height of incidence in the Y or X direction of a 

30 light beam which is incident on the first surface. 

Fig. 10 shows lateral aberration charts of lateral aberrations occurring when the present embodiment is set to the 
wide-angle end (W), Fig. 11 shows lateral aberration charts of lateral aberrations occurring when the present embod- 
iment is set to the middle position (M), and Fig. 12 shows lateral aberration charts of lateral aberrations occurring when 
the present embodiment is set to the telephoto end (T). 

35 As can be seen from these figures, according to the present embodiment, it is possible to achieve well-balanced 

aberration correction if the optical system is set to any of the wide-angle end, the middle position (M) and the telephoto 
end (T). 

In addition, the present embodiment is compact since the overall dimensions of the optical system are 32.9 mm 
long x 21.4 mm wide x 6.6 mm thick for an image size of 4 mm X 3 mm. In the present embodiment, particularly 
40 because each of the optical elements and the entire optical system has a small thickness and each of the optical 
elements can be constructed by forming reflecting surfaces on predetermined sides of a plate-shaped block, it is pos- 
sible to readily construct a zoom lens which is thin as a whole, by adopting a mechanism which causes two optical 
elements to move along a surface of one base plate. 

45 [Embodiment 6] 

Fig. 1 3 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 6 of the present invention. 
The present embodiment is intended tor an image pickup optical system which constitutes a zoom lens having a mag- 
nification variation ratio of approximately 2x. Constituent data for Embodiment 6 are shown below. 

so 



ss 



23 



EP 0 730 180 A2 



HORIZONTAL HALF-ANGLE 
OF VIEW 

VERTICAL HALF-ANGLE 
OF VIEW 

APERTURE DIAMETER 



WIDE-ANGLE MIDDLE TELEPHOTO 
END POSITION END 



19.1 
14.5 
2.0 



13.0 

9.8 

3.0 



9.8 
7.4 
4.0 



IMAGE SIZE 



HORIZONTAL 4 mm x VERTICAL 3 ram 



SIZE OF OPTICAL SYSTEM (X x Y x Z) = 8.0 x 24.4 x 28.0 

AT WIDE-ANGLE END 



X 

1 



Yi Zi(W) 9i Di Ndi 
0.00 0.00 0.00 2.74 1 



vdi 



STOP 



FIRST OPTICAL ELEMENT 

2 0.00 2.74 0.00 6.00 

3 0.00 8.74 25.00 10.00 

4 -7.66 2.31 25.00 8.00 



1.51633 64.15 
1.51633 64.15 
1.51633 64.15 



5 -7.66 10.31 0.00 VARIABLE 1 



REFRACTING 

SURFACE 

REFLECTING 

SURFACE 

REFLECTING 

SURFACE 

REFRACTING 

SURFACE 



SECOND OPTICAL ELEMENT 

6 -7.66 17.80 0.00 7.00 

7 -7.66 24.80 45.00 10.00 

8 -17.66 24.80 45.00 7.00 



1.51633 64.15 
1.51633 64.15 
1.51633 64.15 



9 -17.66 17.80 0.00 VARIABLE 1 



REFRACTING 

SURFACE 

REFLECTING 

SURFACE 
REFLECTING 

SURFACE 

REFRACTING 

SURFACE 



10 -17.66 10.51 0.00 0.00 



IMAGE PLANE 



24. 



EP 0 730 180 A2 



D5 
D9 



WIDE-ANGLE 
END 

7.49 

7.29 



MIDDLE 
POSITION 

3.26 

10.75 



TELEPHOTO 
END 

1.05 

14.23 



D1-D5 Zi(M) = Zi(W) + 7.68 Zi(T) = Zi(W) + 13.38 

D6-D9 Zi(M) = Zi(W) + 3.46 Zi(T) = Zi(W) + 6.94 

DlO Zi(M) = Zi(W) Zi(T) = Zi(W) 



SPHERICAL SHAPE 



Rl 




00 


R2 




35.606 


R5 




-20.000 


R6 




89.388 


R9 




-31.916 


R10 




00 



ASPHERICAL SHAPE 
R3 



R8 



a = -1.34677e+01 b = -4.11138e+01 
C 02 = 0. C 20 = 0. 

C 03 = -2.31569e-04 C 2l = 5.03411e-04 



C 04 = 1.27221e-04 



C„ = 9.41583e-05 



R4 a = -2.31109e+00 b = 2.08891e+00 



C 02 = o. 

C 0J = -1.20863e-03 
C 04 = 1.71195e-04 



R7 a » 1.42789e+01 
C 02 = 0. 

C„ = 7.10530e-04 
C 04 a 2.28616e-05 



C 20 = 0. 

C 2l = 7.93176e-04 
C„ » 6.38568e-04 



t = 2.21286e+01 



C 40 = -1.26848e-06 



t = 1.56365e+01 



C 40 = 1.28236e-03 



b = -8.21248e+00 t = -4.43130e+01 



c 20 = o. 

C n « 1.00559e-03 
C 22 = 5.78746e-05 



C 40 = -2.08449e-05 



a « 2.90886e+01 

'02 



-1.49117e+02 t = -4.82601e+01 



'03 
-04 



3.59594e-04 
-2.18573e-06 



b 

C 

C,; = 1.99532e-04 



20 



0. 

1.! 

-1.79136e-06 



C 40 = -1.09373e-05 



In the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, the second surface 
R2 to the fifth surface R5 constitute part of the first optical element B1, the sixth surface R6 to the ninth surface R9 
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constitute part of the second optical element B2 t and the tenth surface R10 is an image plane. 

An image forming operation for an object lying at infinity will be described below First, a light beam passes through 
the first surface R1 and enters the first optical element B1. In the first optical element B1, the light beam is refracted 
by the second surface R2, then reflected by the third surface R3 and the fourth surface R4, then refracted by the fifth 
s surface R5, and then exits from the first optical element B1 . During this time, a primary image is formed on an inter- 
mediate image forming plane near to the fourth surface R4. 

Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 
refracted by the sixth surface R6, then reflected by the seventh surface R7 and the eighth surface R8, then refracted 
by the ninth surface R9, and then exits from the second optical element B2. During this time, a pupil is formed in the 
10 vicinity of the seventh surface R7 in the second optical element B2. The light beam which has exited from the second 
optical element B2 finally forms an object image on the tenth surface R10 (the image pickup surface of the image 
pickup medium such as a CCD). 

In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 
direction of the reference axis which exits from the first optical element B1 are parallel to and the same as each other. 
{ 15 Unlike Embodiment 5, the direction of the reference axis which enters the second optical element B2 and the direction 
of the reference axis which exits from the second optical element B2 are parallel to and opposite to each other. 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 moves in the Z plus direction from the wide-angle 
end toward the telephoto end. The second optical element B2 also moves in the Z plus direction from the wide-angle 
20 end toward the telephoto end. The tenth surface R1 0 which is the image plane does not move during the variation of 
magnification. Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, 
the distance between the first optical element B1 and the second optical element B2 is decreased, whereas the distance 
between the second optical element B2 and the image plane R10 is increased. According to the present embodiment, 
since the directions of the respective entering and exiting reference axes are opposite to those of Embodiment 5, the 
25 present embodiment is more compact than Embodiment 5 in terms of the entire magnification variation range. 

Each of Figs. 14, 15 and 16 shows lateral aberration charts of the present embodiment. 

[Embodiment 7] 

30 Fig. 17 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 7 of the present invention. 

The present embodiment is intended for an image pickup optical system which constitutes a zoom lens having a mag- 
nification variation ratio of approximately 2X. Constituent data for Embodiment 7 are shown below. 



35 



40 



AS 



£0 



ss 



26 



EP 0 730 180 A2 



TO 



HORIZONTAL HALF-ANGLE 
OF VIEW 

VERTICAL HALF-ANGLE 
OF VIEW 



APERTURE DIAMETER 



WIDE-ANGLE 
END 



19.1 
14.5 
2.0 



KIDDLE 
POSITION 



13.0 

9.8 

3.0 



TELEPHOTO 
END 



9.8 
7.4 
4.0 



is 



IMAGE SIZE 



HORIZONTAL 4 mm x VERTICAL 3 mm 



20 



SIZE OF OPTICAL SYSTEM (X x Y x Z) =9.4 x 22.9 x 61.4 

AT WIDE-ANGLE END 



25 


i 


Yi 


Zi(W) 8i 


Di 


Ndi 


vdi 






1 


0.00 


0.00 0.00 


2.74 


1 




STOP 


30 


FIRST OPTICAL ELEMENT 










2 


0.00 


2.74 0.00 


6.00 


1.51633 


64.15 


REFRACTING 
















SURFACE 




3 


0.00 


8.74 45.00 


10.00 


1.51633 


64.15 


REFLECTING 


35 














SURFACE 


4 


-10.00 


8.74 45.00 


8.00 


1.51633 


64.15 


REFLECTING 
















SURFACE 




5 


-10.00 


0.74 0.00 


VARIABLE 


1 




REFRACTING 


40 














SURFACE 




SECOND OPTICAL ELEMENT 












6 


-10.00 


-29.12 0.00 


8.50 


1.51633 


64.15 


REFRACTING 


45 














SURFACE 


7 


-10.00 


-37.62 -25.00 


10.00 


1.51633 


64.15 


REFLECTING 
















SURFACE 




8 


-17.66 


-31.19 -25.00 


8.00 


1.51633 


64.15 


REFLECTING 
















SURFACE 


SO 


9 


-17.66 


-39.19 0.00 


VARIABLE 


1 




REFRACTING 
















SURFACE 




10 


-17.66 


-48.07 0.00 


0.00 


1 




IMAGE PLANE 



ss 



27 



EP 0 730 180 A2 



D5 
D9 



WIDE-ANGLE 
END 

29.86 

8.88 



MIDDLE 
POSITION 

22.58 

12.44 



TELEPHOTO 
END 

18.84 

16.08 



D1-D5 Zi(M) = Zi(W) -3.71 Zi(T) = Zi(W) - 3 .82 

D6-D9 Zi(M) = Zi(W) +-3.56 Zi(T) = Zi(W) + 7.20 

D10 Zi(M) = Zi(W) Zi(T) = Zi(W) 

SPHERICAL SHAPE 



Rl 




00 


R2 




-18.881 


R5 




-20.000 


R6 




20.000 


R9 




-21.267 


RIO 




00 



ASPHERICAL SHAPE 
R3 a 



R8 



^02 ~ 
C 0 4 = 



-6.67353e+00 
= 0. 

-3.95435e-04 
-9.70215e-06 



b = 7.79065e+00 

C = -l.49104e-04 
C 22 = -3.70464e-05 



t = 2.02110e+00 



"40 



-2.27820e-05 



R4 a = 3.15397e+01 b = 7.47248e+01 t = 4.90324e+01 



C 02 = o. 

C M = -9.12121e-05 
C„ ■ 9.24276e-06 



C 20 = o. 

C 2l = 1.62890e-04 
C 22 = -3.10030e-05 



C 40 = -2.06901e-05 



R7 a » 1.24790e+01 b = -9.62671e+00 t = 2.34935e+00 



C 02 = 0. 

C 03 = -1.13535e-04 



C 20 = o- 



'04 



-6.38259e-06 C 



C 2l = -1.02319e-04 



22 



-2.90197e-06 



C 40 « 8.19147e-08 



a = 3.48639e+02 

C 03 = 7.30891e-08 
C 04 = -1.95562e-05 

In the present embodiment, the first surface 
R2 to the fifth surface RS constitute part of the 



b = 4.91238e+01 t = -4.10204e+01 



C 40 = -2.11694e-05 



= -4.50703e-05 
C„ = -3.38641e-05 

R1 is an aperture plane which is an entrance pupil, the second surface 
first optical element B1, the sixth surface R6 to the ninth surface R9 
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constitute part of the second optical element B2; and the tenth surface R10 is an image plane. 

An image forming operation for an object lying at infinity will be described below First, a light beam passes through 
the first surface R1 and enters the first optical element Bl. In the first optical element B1 , the light beam is refracted 
by the second surface R2, then reflected by the third surface R3 and the fourth surface R4, then refracted by the fifth 
s surface R5, and then exits from the first optical element B1 . During this time, a primary image is formed on an inter- 
mediate image forming plane near to the fifth surface R5. 

Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 
refracted by the sixth surface R6, then reflected by the seventh surface R7 and the eighth surface RB, then refracted 
by the ninth surface R9, and then exits from the second optical element B2. During this time, a pupil is formed in the 
io vicinity of the seventh surface R7. The light beam which has exited from the second optical element B2 finally forms 
an object image on the tenth surface R10 (the image pickup surface of the image pickup medium such as a CCD). 

In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 
direction of the reference axis which exits from the first optical element B1 are parallel to and opposite to each other. 
The direction of the reference axis which enters the second optical element B2 and the direction of the reference axis 
15 which exits from the second optical element B2 are parallel to and the same as each other. 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 moves in the Z minus direction from the wide- 
angle end toward the telephoto end. The second optical element B2 moves in the Z plus direction from the wide-angle 
end toward the telephoto end. The tenth surface R10 which is the image plane does not move during the variation of 
20 magnification. Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, 
the distance between the first optical element B1 and the second optical element B2 is decreased, whereas the distance 
between the second optical element B2 and the image plane R10 is increased. 

Each of Figs. 18, 19 and 20 shows lateral aberration charts of the present embodiment. 

£5 [Embodiment 8] 

Fig. 21 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 8 of the present invention. 
The present embodiment is intended for an image pickup optical system which constitutes a zoom lens having a mag- 
nification variation ratio of approximately 2X. 
so Constituent data for Embodiment 8 are shown below. 
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constitute part of the second optical element B2 : and the tenth surface R10 is an image plane. 

An image forming operation for an object lying at infinity will be described below First, a light beam passes through 
the first surface R1 and enters the first optical element B1 . In the first optical element B1, the light beam is refracted 
by the second surface R2, then reflected by the third surface R3 and the fourth surface R4, then refracted by the fifth 
s surface R5, and then exits from the first optical element B1. During this time, a primary image is formed on an inter- 
mediate image forming plane near to the fourth surface R4. 

Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 
refracted by the sixth surface R6, then reflected by the seventh surface R7 and the eighth surface R8, then refracted 
by the ninth surface R9, and then exits from the second optical element B2. During this time, a pupil is formed in the 
io vicinity of the seventh surface R7. The light beam which has exited from the second optical element B2 finally forms 
an object image on the tenth surface R10 (the image pickup surface of the image pickup medium such as a CCD). 

In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 
direction of the reference axis which exits from the first optical element B1 are parallel to and opposite to each other. 
The direction of the reference axis which enters the second optical element B2 and the direction of the reference axis 
15 which exits from the second optical element B2 are parallel to and opposite to each other. 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 moves in the Z minus direction from the wide- 
angle end toward the telephoto end. The second optical element B2 moves in the Z minus direction from the wide- 
angle end toward the telephoto end. The tenth surface R1 0 which is the image plane does not move during the variation 
20 of magnification. Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, 
the distance between the first optical element B1 and the second optical element B2 is decreased, whereas the distance 
between the second optical element B2 and the image plane R10 is increased. 

Each of Figs. 22, 23 and 24 shows lateral aberration charts of the present embodiment. 

Embodiments 9 to 12 are intended for two-group types of zoom lenses similarly to Embodiments 5 to 8. Each of 
25 Embodiments 5 to 8 uses optical elements each having curved reflecting surfaces or the like formed on the surface of 
a block of transparent plastics, glass or the like, and a ray from an object passes through the block while repeating a 
reflection therein. In contrast, in each of Embodiments 9 to 1 2 which will be described below, any decentered reflecting 
surface which constitutes each group is formed by a surface mirror made of plastics, glass, metal or the like, and two 
surface mirrors which constitute each group are integrally connected outside the optical path. 

30 

[Embodiment 9] 

Fig. 25 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 9 of the present invention. 
The present embodiment is intended for an image pickup optical system which constitutes a two-group zoom lens 
35 having a magnification variation ratio of approximately 1 .5x. Constituent data for Embodiment 9 are shown below. 
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In the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, and the second 
surface R2 and the third surface R3, each of which is a reflecting surface made from a surface mirror, constitute the 
first optical element B1 with the surface mirrors being integrally connected on either side, while the fourth surface R4 
and the fifth surface R5, each of which is a reflecting surface made from a surface mirror, constitute the second optical 
element B2 with the surface mirrors being integrally connected on either side. The sixth surface R6 is an image plane. 

An image forming operation for an object lying at infinity will be described below First, a light beam passes through 
the first surface R1 and enters the portion of the first optical element B1 . In the first optical element B1 , the light beam 
is reflected by the second surface R2 and the third surface R3 and then exits from the portion of the first optical element 
Bl . During this time, a primary image is formed on an intermediate image forming plane near to the third surlace R3. 

Then, the light beam enters the portion of the second optical element B2. In the second optical element B2, the 
light beam is reflected by the fourth surface R4 and the fifth surface R5 and then exits from the portion of the second 
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optical element B2. During this time, a pupil is formed in the vicinity of the fourth surface R4. The light beam which has 
exited from the portion of the second optical element B2 finally forms an object image on the sixth surface R6 (the 
image pickup surface of the image pickup medium such as a CCD). 

In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 

s direction of the reference axis which exits from the first optical element B1 are parallel to and the same as each other. 
The direction of the reference axis which enters the second optical element B2 and the direction of the reference axis 
which exits from the second optical element B2 are parallel to and the same as each other. 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 moves in the Z plus direction from the wide-angle 

10 end toward the telephoto end. The second optical element B2 moves in the Z minus direction from the wide-angle end 
toward the telephoto end. The tenth surface R10 which is the image plane does not move during the variation of 
magnification. Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, 
the distance between the first optical element B1 and the second optical element B2 is decreased, whereas the distance 
between the second optical element B2 and the image plane R10 is increased. 

is Each of Figs. 26, 27 and 28 shows lateral aberration charts of the present embodiment. 

[Embodiment 10] 

Fig. 29 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 10 of the present 
20 invention. The present embodiment is intended for an image pickup optical system which constitutes a two-group zoom 
lens having a magnification variation ratio of approximately 1 .5X. Constituent data for Embodiment 1 0 are shown below. 
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In the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, and the second 
suriace R2 and the third surface R3, each of which is a reflecting surface made from a surface mirror, constitute the 
first optical element B1 with the surface mirrors being integrally connected on either side, while the fourth surface R4 
and the fifth surface R5, each of which is a reflecting surface, are formed on the second optical element B2 which is 
an integral optical element. The sixth surface R6 is an image plane. 

An image forming operation for an object lying at infinity will be described below. First, a light beam passes through 
the first surface R1 and enters the portion of the first optical element B1 . In the first optical element B1 , the light beam 
is reflected by the second surface R2 and the third surface R3 and then exits from the portion of the first optical element 
B1 . During this time, a primary image is formed on an intermediate image forming plane near to the third suriace R3. 

Then, the light beam enters the portion of the second optical element B2. In the second optical element B2, the 
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light beam is reflected by the fourth surface R4 and the fifth surface R5 and then exits from the portion of the second 
optical element B2. During this time, a pupil is formed in the vicinity of the fourth surface R4. The light beam which has 
exited from the portion of the second optical element B2 finally forms an object image on the sixth surface R6 (the 
image pickup surface of the image pickup medium such as a CCD). 

5 In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 

direction of the reference axis which exits from the first optical element B1 are parallel to and the same as each other. 
The direction of the reference axis which enters the second optical element B2 and the direction of the reference axis 
which exits from the second optical element B2 are parallel to and opposite to each other 

A magnification varying operation effected by the movements of the respective optical elements will be described 

io below. During variation of magnification, the first optical element B1 moves in the Z plus direction from the wide-angle 
end toward the telephoto end. The second optical element B2 moves in the Z plus direction from the wide-angle end 
toward the telephoto end. The sixth surface R6 which is the image plane does not move during the variation of mag- 
nification. Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, the 
distance between the first optical element B1 and the second optical element B2 is decreased, whereas the distance 

is between the second optical element B2 and the image plane R6 is increased. 

Each of Figs. 30, 31 and 32 shows lateral aberration charts of the present embodiment. 

[Embodiment 11] 

20 Fig. 33 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 11 of the present 

invention. The present embodiment is intended for an image pickup optical system which constitutes a two-group zoom 
lens having a magnification variation ratb of approximately 1.5X. Constituent data for Embodiment 11 are shown below. 
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In the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, and the second 
surface R2 and the third surface R3, each of which is a reflecting surface, are formed on the first optical element B1 
which is an integral optical element, while the fourth surface R4 and the fifth surface R5, each of which is a reflecting 
surface made from a surface mirror, constitute the second optical element B2 with the surface mirrors being integrally 
connected on either side. The sixth surface R6 is an image plane. 

An image forming operation for an object lying at infinity will be described below First, a light beam passes through 
the first surface R1 and enters the portion of the first optical element B1 . In the first optical element B1 , the light beam 
is reflected by the second surface R2 and the third surface R3 and then exits from the portion of the first optical element 
B1 . During this time, a primary image is formed on an intermediate image forming plane near to the third surface R3. 
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Then, the light beam enters the portion of the second optical element B2. In the second optical element B2, the 
light beam is reflected by the fourth surface R4 and the fifth surface R5 and then exits from the portion of the second 
optical element B2. During this time, a pupil is formed in the vicinity of the fourth surface R4. The light beam which has 
exited from the portion of the second optical element B2 finally forms an object image on the sixth surface R6 (the 
image pickup surface of the image pickup medium such as a CCD). 

In the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 
direction of the reference axis which exits from the first optical element B1 are parallel to and opposite to each other. 
The direction of the reference axis which enters the second optical element B2 and the direction of the reference axis 
which exits from the second optical element B2 are parallel to and the same as each other 

A magnification varying operation effected by the movements of the respective optical elemenls will be described 
below. During variation of magnification, the first optical element B1 moves in the Z minus direction from the wide- 
angle end toward the telephoto end. The second optical element B2 moves in the Z plus direction from the wide-angle 
end toward the telephoto end. The sixth surface R6 which is the image plane does not move during the variation of 
magnification. Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, 
the distance between the first oplical element B1 and the second optical element B2 is decreased, whereas the distance 
between the second optical element B2 and the image plane R6 is increased. 

Each of Figs. 34, 35 and 36 shows lateral aberration charts of the present embodiment. 

[Embodiment 12] 

Fig. 37 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 12 of the present 
invention. The present embodiment is intended for an image pickup optical system which constitutes a two-group zoom 
lens having a magnification variation ratio of approximately 1 .5x. Constituent data for Embodiment 1 2 are shown below. 
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In the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, and the second 
surface R2 and the third surface R3, each of which is a surface mirror, are formed on the first optical element B1 , while 
the fourth surface R4 and the fifth surface R5, each of which is a surface mirror, are formed on the second optical 
element B2. The sixth surface R6 is an image plane. 

An image forming operation for an object lying at infinity will be described below. First, a light beam passes through 
the first surface R1 and enters the portion of the first optical element B1 . In the first optical element B1 , the light beam 
is reflected by the second surface R2 and the third surface R3 and then exits from the portion of the first optical element 
B1 . During this time, a primary image is formed on an intermediate image forming plane near to the third surface R3. 
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Then, the light beam enters the portion of the second optical element B2. In the second optical element B2, the 
light beam is reflected by the fourth surface R4 and the fifth surface R5 and then exits from the portion of the second 
optical element B2. During this time, a pupil is formed in the vicinity of the fourth surface R4. The light beam which has 
exited from the portion of the second optical element B2 finally forms an object image on the sixth surface R6 (the 
s image pickup surface of the image pickup medium such as a CCD). 

tn the present embodiment, the direction of the reference axis which enters the first optical element B1 and the 
direction of the reference axis which exits from the first optical element B1 are parallel to and opposite to each other. 
The direction of the reference axis which enters the second optical element B2 and the direction of the reference axis 
which exits from the second optical element B2 are parallel to and opposite to each other. 
70 A magnification varying operation effected by the movements of the respective optical elements will be described 

below. During variation of magnification, the first optical element B1 moves in the Z minus direction from the wide- 
angle end toward the telephoto end. The second optical element B2 moves in the Z minus direction from the wide- 
angle end toward the telephoto end. The sixth surface R6 which is the image plane does not move during the variation 
of magnification. Thus, when the variation of magnification from the widenangle end toward the telephoto end is effected, 
15 the distance between the first optical element B1 and the second optical element B2 is decreased, whereas the distance 
between the second optical element B2 and the image plane R6 is increased. 

Each of Figs. 38, 39 and 40 shows lateral aberration charts of the present embodiment. 
Embodiments 13 to 16 are intended for so-called three-group zoom lenses. 

20 [Embodiment 13] 

Fig. 41 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 13 of the present 
invention. The present embodiment is intended for an image pickup optical system which constitutes a three-group 
zoom lens having a magnification variation ratio of approximately 2X. Constituent data for Embodiment 13 are shown 
25 below. 
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18 -26.43 48.44 28.00 5.00 1.51633 64.15 REFLECTING 

SURFACE 

19-26.43 53.44 0.00 VARIABLE 1 REFRACTING 

SURFACE 

20 -26.43 65.84 0.00 0.00 1 IMAGE PLANE 
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9.40 
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END 

3.46 

2.43 

26.47 



D1-D7 Zi(M)=Zi(W) Zi(T) = Zi(W) 

D8-D13 Zi(M) = Zi(W) + 1.75 Zi(T) = 2i(W) - 0.94 

D14-D27 Zi(H) = Zi(W) - 5.22 Zi(T) = Zi(W) - 14.06 

D20 Zi(M)=Zi(W) 2i(T) = Zi(W) 



SPHERICAL SHAPE 
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ASPHERICAL SHAPE 



R3 



R6 



a = oo 



b 



00 



-2.64466e-02 



a = oo 

C 02 - 9.25173e-03 
C fl3 = 1.06641e-04 
C 04 = 1.00577e-07 



-33 

b = oo 

C 20 = 1.06374G-02 
C 2l = -1.75379e-04 
C„ = -7.09789e-06 



0. 



C 02 = 1.71821e-02 - 20 
C = -1.10859e-04 C 21 = -3.08647e-06 
C 04 = -7.44756e-06 C M = -8.73792e-05 C 40 



= -7.07245e-06 
t = 0. 

C, A - -1.11339e-05 



47 



EP 0 730 180 A2 



10 



R9 a = oo 

C M = -9.25352e-03 
C M = -1.27415e-04 
C 04 = -2.04074e-06 

R12 a = oo 

C„ = 1.07705e-02 
C 03 = 6.49026e-06 
C 04 = 1.78001e-05 



b 

C 2l = 

c 22 - 



00 



-7.71705e-03 

2.24577e-04 

9.85041e-06 



b = oo 

C 20 = 2.85032e-03 
r = -4.04876e-04 
C„ = -3.44175e-06 



t = 0. 



C, 0 = -4.54405e-06 



t = 0. 



-40 



2.28114e-06 
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R15 a = oo 



C„ = -6.89123e-03 
C 03 = 2.19277e-05 
C„ = -4.51558e-07 



b = 00 

C 20 = -8.83606e-03 
C 21 = 9.35962e-05 
C„ = -3.39663e-06 



t = 0. 



C 40 = 5*46067e-06 
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R18 a = oo 



C 02 = 8.38005e-03 
C M = -2.38916e-06 
C M = -2.19374e-06 



b = oo 



'20 
'21 



= 1.59192e-02 
= -7.12086e-04 



C„ = l,69386e-05 



t = 0. 



C 40 - 5.50667e-06 



25 in the present embodiment, the first surface R1 is an aperture plane which is an entrance pupil, and the second 

surface R2 to the seventh surface R7, the eighth surface R8 to a thirteenth surface R1 3, and a fourteenth surface R1 4 
to a nineteenth surface R1 9 respectively constitute the first optical element B1 , the second optical element B2 and the 
third optical element B3 each of which is an integral optical element. A twentieth surface R20 is an image plane. 
An image forming operation for an object lying at infinity will be described below First, a light beam passes through 

30 the first surface R1 and enters the first optical element B1 . In the first optical element B1 t the light beam is refracted 
by the second surface R2, then reflected by the third surface R3, then totally reflected by the fourth surface R4 and 
the fifth surface R5, then reflected by the sixth surface R6, then refracted by the seventh surface R7, and then exits 
from the first optical element B1. The second surface R2 and the fourth surface R4 are formed as the same surface 
which serves as both a refracting surface and a total reflecting surface, and the fifth surface R5 and the seventh surface 

35 R7 are also similarly formed. The light beam forms an intermediate image between the lourth surface R4 and the fifth 
surface R5. 

Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 
refracted by the eighth surface R8, then reflected by the ninth surface R9, then totally reflected by the tenth surface 
R10 and the eleventh surface R11, then reflected by the twelfth surface R12, then refracted by the thirteenth surface 
40 R1 3 t and then exits from the second optical element B2. The eighth surface R8 and the tenth surface RIO are formed 
as the same surface which serves as both a refracting surface and a total reflecting surface, and the eleventh surface 
R1 1 and the thirteenth surface R13 are also similarly formed. The light beam forms an intermediate image in the vicinity 
of the twelfth surface R12. 

Then, the light beam enters the third optical element B3. In the third optical element B3, the light beam is refracted 
45 by the fourteenth surface R1 4, then reflected by the fifteenth surface R1 5, then totally reflected by the sixteenth surface 
R16 and the seventeenth surface R17, then reflected by the eighteenth surface R18, then refracted by the nineteenth 
surface R19, and then exits from the third optical element B3. The fourteenth surface R14 and the sixteenth surface 
R16 are formed as the same surface which serves as both a refracting surface and a total reflecting surface, and the 
seventeenth surface R17 and the nineteenth surface R1 9 are also similarly formed. The light beam forms an interme- 
50 diate image between the fifteenth surface R15 and the sixteenth surface R16. 

The light beam which has exited from the third optical element B3 forms an object image on the final image forming 
surface R20 (the image pickup surface of the image pickup medium such as a CCD). 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 is fixed. The second optical element B2 moves 
55 along a convex locus in the 2 plus direction from the wide-angle end toward the telephoto end. The third optical element 
B3 moves in the Z minus direction from the wide-angle end toward the telephoto end. The twentieth surface R20 which 
is the image plane does not move during the variation of magnification. 

Incidentally, during the variation of magnification from the wide-angle end to the telephoto end, the entire length 
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of the optical path from the first surface R1 to the final image forming surface R20 is constant. 

In the present embodiment, the direction of the reference axis which enters each of the three optical elements and 
the direction of the reference axis which exits from each of the three optical elements are parallel to and the same as 
each other 

Each of Figs. 43, 44 and 45 shows lateral aberration charts of the present embodiment. In the present embodiment, 
as can be seen from the figures, balanced aberration correction is achieved at each focal length. 

In addition, in the case of the present embodiment, the overall dimensions of the optical system are approximately 
65.8 mm long x 37 mm wide x 11 .4 mm thick for an image size of 8 mm x 6 mm. Similarly to the above-described 
embodiments, in the present embodiment as well, because the optical system has a small thickness and each of the 
optical elements can be constructed by forming reflecting surfaces on predetermined sides of a plate-shaped block as 
shown in Fig. 42, it is possible to readily construct a zoom lens which is thin as a whole, by adopting an arrangement 
which causes two of three optical elements mounted on one base plate to move along a surface of the base plate. 



is 



20 



[Embodiment 14] 

Fig. 46 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 14 of the present 
invention. The present embodiment is intended for an image pickup optical system which constitutes a three-group 
zoom lens having a magnification variation ratio of approximately 2x. Constituent data for Embodiment 14 are shown 
below. 

WIDE-ANGLE MIDDLE TELEPHOTO 
END POSITION END 
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IMAGE SIZE 



HORIZONTAL 8 mm x VERTICAL 6 mm 
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45 



SIZE OF OPTICAL SYSTEM (X x Y x Z) = 11.8 x 57.7 x .53.1 

AT WIDE-ANGLE END 
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3 0.00 10.00 28.00 8.94 1.51633 64.15 REFLECTING 

SURFACE 

4 -7.41 5.00 0.00 14.00 1.51633 64.15 TOTAL 

REFLECTING 
SURFACE 

5 -19.02 12.83 0.00 8.94 1.51633 64.15 TOTAL 

REFLECTING 
SURFACE 

6 -26.43 7.83 28.00 5.00 1.51633 64.15 REFLECTING 

SURFACE 

7 -26.43 12.83 0.00 VARIABLE 1 REFRACTING 

SURFACE 
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WIDE-ANGLE 
END 

5.56 

15.98 

11.91 
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POSITION 

14.76 

10.88 
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TELEPHOTO 
END 
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D1-D7 Zi(M) = Zi(W) Zi(T) = Zi(W) 

DB-D13 Zi(M) = Zi(W) +9.20 Zi<T) = Zi(W) + 24 .87 

D14-D18 Zi(M) = Zi(W) +4.10 Zi(T) = Zi(W) + 14.21 

D19 Zi(M) = Zi(W) Zi(T) = Zi(W) 



SPHERICAL SHAPE 
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ASPHERICAL SHAPE 



R3 



R6 



a = oo 



b = oo 



C 02 = -1.87643e-02 C 20 = -3.3411U-02 



t = 0. 



C 03 = 1.42969e-05 
C 04 = -1.49633G-05 



a = oo 

C„ = 1.03027e-02 
C„ = 1.15021e-04 
C flJ = B.03984e-07 



C Jt = -3.38035e-04 

C„ = -1.70482e-05 C 40 = -2.85715e-05 



b — oo 

C 20 = 1.02387e-02 
C 2l = 1.51064e-04 
C„ « 1.48807e-05 



-40 

t = 0. 



C„ = 1.18655e-06 
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R9 a = oo 

C 02 = -7 .368236-03 
C oy = -9.76247e-05 
C Q4 = -1.94029e-07 



b = oo 

r = -6.07648e-03 
C 21 = -6.775528-05 
C 22 = -1.34043e-07 



0. 



C 40 = -1.60895e-07 
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R12 



= oo 



02 



= 1.57404e-02 



C 01 = -7.66458e-06 
C 04 = 4.46711e-06 



t> = oo 

C 20 = 2.44694e-03 
C 21 = 5.12655e-04 
C„ = 2.53773e-06 



t = 0, 



1.17538e-06 
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R15 a = oo 



b = « 



r , = -7.52914e-03 C 50 = -6.13092e-03 



6" = 2.44469e-05 
C 04 = 4.29594e-06 



c" = -7.04107e-04 
C 22 = 4.27184e-05 



t = 0. 



C 40 = 9.99696e-05 
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R17 a = « 



C 02 = -7.43703e-03 
C„ = 1.19422e-05 
C 04 = 1.54082e-06 



b = oo 

C 20 = -1.85311e-02 
C 2l = 3.37547e-05 
r = -7.40920e-06 



t = 0. 



C 40 = 1.36401e-06 
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In the present embodiment shown in Fig. 46, the first surface R1 is an aperture plane which is an entrance pupil, 
and the second surface R2 to the seventh surface R7, the eighth surface R8 to the thirteenth surface R13, and the 
fourteenth surface R14 to the eighteenth surface R18 respectively constitute the first optical element B1, the second 
optical element B2 and the third optical element B3 each of which is an integral optical element. The nineteenth surface 
R19 is an image plane. 

An image forming operation for an object lying at infinity will be described below First, a light beam passes through 
the first surface R1 and enters the first optical element B1. In the first optical element B1, the light beam is refracted 
by the second surface R2, then reflected by the third surface R3, then totally reflected by the fourth surface R4 and 
the fifth surface R5, then reflected by the sixth surface R6, then refracted by the seventh surface R7, and then exits 
from the first optical element B1. The second surface R2 and the fourth surface R4 are formed as the same surface 
which serves as both a refracting surface and a total reflecting surface, and the fifth surface R5 and the seventh surface 
R7 are also similarly formed. The light beam forms an intermediate image between the fourth surface R4 and the fifth 
surface R5. 

Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 
refracted by the eighth surface R8, then reflected by the ninth surface R9, then totally reflected by the tenth surface 
R10 and the eleventh surface R11, then reflected by the twelfth surface R12, then refracted by the thirteenth surface 
R1 3, and then exits from the second optical element B2. The eighth surface RS and the tenth surface R10 are formed 
as the same surface which serves as both a refracting surface and a total reflecting surface, and the eleventh surface 
R1 1 and the thirteenth surface R1 3 are also similarly formed. The light beam forms an intermediate image in the vicinity 
of the twelfth surface R12. The light beam also forms a pupil between the second optical element B2 and ihe third 
optical element B3. 

Then, the light beam enters the third optical element B3. In the third optical element B3, the light beam is refracted 
by the fourteenth surface R1 4, then reflected by the fifteenth surface R1 5, then totally reflected by the sixteenth surface 
R16, then reflected by the seventeenth surface R17, then refracted by the eighteenth surface R18, and then exits from 
the third optical element B3. The fourteenth surface R14. the sixteenth surface R16 and the eighteenth surface R18 
are formed as the same surface which serves as both a refracting surface and a total reflecting surface. 

The light beam which has exited from the third optical element B3 finally forms an object image on the final image 
forming surface R1 9 (the image pickup surface of the image pickup medium such as a CCD). 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 is fixed. The second optical element B2 moves in 
the Z plus direction from the wide-angle end toward the telephoto end. The third optical element B3 moves in the Z 
plus direction from the wide-angle end toward the telephoto end. The nineteenth surface R1 9 which is-the image plane 
does not move during the variation of magnification. 
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Thus, when the variation ot magnification from the wide-angle end toward the telephoto end is effected, the distance 
between the first optical element B1 and the second optical element B2 is increased, the distance between the second 
optical element B2 and the third optical element B3 is decreased, and the distance between the third optical element 
B3 and the image plane R19 is increased. In addition, the entire length ot the optical path from the first surface R1 to 
the image plane R19 becomes longer from the wide-angle end toward the telephoto end. 

In the present embodiment, the direction of the reference axis which enters the third optical element B3 and the 
direction of the reference axis which exits from the third optical element B3 are parallel to and opposite to each othei; 
whereas the direction of the reference axis which enters each of the first and second optical elements B1 and B2 and 
the direction of the reference axis which exits from a respective of the second and third optical elements B2 and B3 
are parallel to and the same as each other. 

Each of Figs. 47, 48 and 49 shows lateral aberration charts of the present embodiment. 



[Embodiment 1 5] 

15 Fig. 50 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 15 of the present 

invention. The present embodiment is intended for an image pickup optical system which constitutes a three-group 
zoom lens having a magnification variation ratio of approximately 2x. Constituent data for Embodiment 15 are shown 
below. 
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IMAGE SIZE 



HORIZONTAL 4.8 mm x VERTICAL 3.6 mm 



SIZE OF OPTICAL SYSTEM (X x Y x Z) = 12.0 x 58.4 x 30.3 
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6 -17.79 3.00 0.00 VARIABLE 1 REFRACTING 

SURFACE 

SECOND OPTICAL ELEMENT 

7 -17.79 -10.58 0.00 6.00 1.51633 64.15 REFRACTING 

SURFACE 

8 -17.79 -16.58 -28.00 10.73 1.51633 64.15 REFLECTING 

SURFACE 

9 -26.69 -10.58 0.00 10.73 1.51633. 64.15 TOTAL 

REFLECTING 
SURFACE 

10 -35.58 -16,58 28.00 6.00 1.51633 64.15 REFLECTING 

SURFACE 

11 -35.58 -10.58 0.00 VARIABLE 1 REFRACTING 

SURFACE 

THIRD OPTICAL ELEMENT 

12 -35.58 -0.24 0.00 6.00 1.51633 64.15 REFRACTING 

SURFACE 

13 -35.58 5.76 28.00 10.73 1.51633 64.15 REFLECTING 

SURFACE 

14 -44.48 -0.24 0.00 10.73 1.51633 64.15 TOTAL 

REFLECTING 
SURFACE 

15 -53.37 5.76 -28.00 6.00 1.51633 64.15 REFLECTING 

SURFACE 

16 -53.37 -0.24 0.00 VARIABLE 1 REFRACTING 

SURFACE 



17 -53.37 -5.09 0.00 0.00 1 IMAGE PLANE 
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In the present embodiment shown in Fig. 50, the first surface R1 is an aperture plane which is an entrance pupil, 
and the second surface R2 to the sixth surface R6, the seventh surface R7 to the eleventh surface R11 , and the twelfth 
surface Rl2tothe sixteenth surface R16 respectively constitute the first optical element B1, the second optical element 
B2 and the third optical element B3 each of which is an integral optical element. The seventeenth surface R17 is an 
image plane. 

An image forming operation for an object lying at infinity will be described below. First, a light beam passes through 
the first surface R1 and enters the first optical element B1 . In the first optical element B1, the light beam is refracted 
by the second surface R2, then reflected by the third surface R3, then totally reflected by the fourth surface R4, then 
reflected by the fifth surface R5, and then refracted by the sixth surface R6, and then exits from the first optical element 
B1. The second surface R2, the fourth surface R4 and the sixth surface R6 are formed as the same surface which 
serves as both a refracting surface and a total reflecting surface. The first optical element B1 has an intermediate 
image forming plane in the vicinity of the fifth surface R5. 

Then, the light beam which has exited from the first optical element B1 enters the second optical element B2. In 
the second optical element B2, the light beam is refracted by the seventh surface R7, then reflected by the eighth 
surface R8, then totally reflected by the ninth surface R9, then reflected by the tenth surface R10, then refracted by 
the eleventh surface R11 , and then exits from the second optical element B2. The seventh surface R7, the ninth surface 
R9 and the eleventh surface R1 1 are formed as the same surface which serves as both a refracting surface and a total 
reflecting surface. 

Then, the light beam which has exited from the second optical element B2 enters the third optical element B3. In 
the third optical element B3, the light beam is refracted by the twelfth surface R12, then reflected by the thirteenth 
surface R13, then totally reflected by the fourteenth surface R14, then reflected by the fifteenth surface R15, then 
refracted by the sixteenth surface R16, and then exits from the third optical element B3. The twelfth surface R12, the 
fourteenth surface R 1 4 and the sixteenth surface R1 6 are formed as the same surface which serves as both a refracting 
surface and a total reflecting surface. 

The light beam which has exited from the third optical element B3 finally forms an object image on the final image 
forming surface R17 (the image pickup surface of the image pickup medium such as a CCD). 

A magnification varying operation effected by the movements of the respective optical elements will be described 
below. During variation of magnification, the first optical element B1 is fixed. The second optical element B2 moves in 
the Z plus direction from the wide-angle end toward the telephoto end. The third optical element B3 also moves in the 
Z plus direction from the wide-angle end toward the telephoto end. The seventeenth surface R17 which is the image 
plane does not move during the variation of magnification. 

Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, the distance 
between the first optical element B1 and the second optical element B2 is decreased, the distance between the second 
optical element B2 and the third optical element B3 is decreased, and the distance between the third optical element 
B3 and the image plane R17 is increased. In addition, the entire length of the optical path from the first surface R1 to 
the image plane R17 becomes shorter from the wide-angle end toward the telephoto end. 

In the present embodiment, the direction of the reference axis which enters each of the optical elements B1, B2 
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and B3 and the direction of the reference axis which exits from the respective one of the optical element B1, B2 and 
B3 are parallel to and opposite to each other. 

Each of Figs. 51 ,52 and 53 shows lateral aberration charts of the present embodiment. 

s [Embodiment 16] 

Fig. 54 is a view showing an optical cross section taken on the Y, Z plane, of Embodiment 16 of the present 
invention. The present embodiment is intended for an image pickup optical system which constitutes a three-group 
zoom lens having a magnification variation ratio of approximately 2.9x. Constituent data for Embodiment 1 6 are shown 
io below. 
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Zi(T) = Zi(W) - 4.67 
Zi(T) = Zi(W) - 11.29 
Zi(T) = Zi(W) 



SPHERICAL SHAPE 

R2 — 00 
R8 = oo 

R9 = - 26.000 
R15 = - 30.000 
R16 = 30.000 
R22 = oo 



ASPHERICAL SHAPE 



R3 a = oo 

C 02 = 2.42966e-02 
C 03 = 1.27688e-04 
C 04 = 5.94756e-05 



R4 a = oo 

C 02 = 1.36528e-02 
C 03 = -9.46379e-05 
C 04 = 7.52065e-05 



R5 a = oo 

C 02 = 2.43496e-02 
C 03 = 3.81313e-05 
C 04 = 2.54068e-05 



R6 a = oo 

C 02 = 2.89424e-02 



- 0 , 8.19002e-04 
C 04 = 1.13450e-04 



b = oo 

C 20 = 2.85815e-02 
C 21 = 2.75023e-04 
C 22 = 1.73749e-04 

b = oo 

C 20 = 1.93571e-02 
C 21 = 1.42495e-04 
C 2J = 4.28859e-05 



b = oo 

C 20 = 3.21846e-02 
C n = 2.30254e-04 
C„ = 5.42611e-05 



b = » 

C 10 = 4.71870e-02 
C 21 = 5.81365e-03 
C 22 = 8.53323e-04 



t = 0. 



C 40 = 9.46028e-05 



t = 0. 



C 40 = 3.27579e-04 



t = 0. 



C <0 = 3.90591e-05 



t = 0. 



C 40 = 3.25877e-04 
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R7 a = oo b = oo t = 0. 

C 02 = 2.25341e-02 C 20 = 3.27573e-02 

C M = 1.08727e-05 C 21 « 1.56613e-04 

C* 4 = 9.67596e-06 C 22 = 1.24266e-05 C 40 = 1.28975G-05 

RIO a = oo b = oo t = 0. 

C 02 = -1.86873e-02 C 20 = -3.56693e-02 

C 01 = -1.16106e-04 C n = -8.55687e-04 

C M = -2.81628e-06 C 22 = -5.18664e-05 C 40 = -5.50940e-05 

Rll a = oo b = oo t = 0. 

C 02 = 4.76998e-04 C 20 = 2.79370e-02 

C oa = 2.92315e-04 C 2l * 1.48850e-03 

c" = -7.01032e-05 C 22 = 1.18259e-04 C 40 = 1.15392e-03 

R12 a = oo b = oo t = 0. 

C = -2.02781e-02 C 20 = -3.32954e-02 

r 3 = -7.86615e-05 C 21 = 7.23563e-05 

<£ = -1.33285e-05 C 22 = -1.08129e-04 C 40 = -3.99671e-05 

R13 a = oo b = oo t = 0. 

C 02 = -3.67572e-03 C 20 = -1.71026e-02 

C 03 = -1.50855e-04 C 2l = -7.37119e-04 

C 04 = -5.55679e-05 C 22 = 6.57743e-05 C 40 = -1.44357e-05 

R14 a = oo b = oo t = 0. 

C 02 = -2.03776e-02 C 20 = -1.38465e-02 

C 03 = -1.65371e-04 C 21 = -5.01719e-04 

C 04 = -1.86583e-05 C 22 = 1.89858e-05 C 40 = 1.81223e-05 

R17 a = oo b = oo t = 0. 

C 02 = 1.59437e-02 C 20 = 1.92814e-02 

C 01 = 8.38086e-05 C 2l = 2.54581e-04 

C 0 [ = 8.300866-06 C 22 = -6.10076e-06 C 40 = 1.465630-05 

R18 a = oo b = oo t = 0. 

C 02 = 1.68742e-02 C 20 = 4.67377e-02 

C 03 = -6.62974e-04 C 2l = 2.91357e-03 

C 04 = 1.09154e-04 C 22 « -5.03477e-04 C 40 = 7.03141e-04 

Rl 9 a = 00 b = 00 "t = 0 . 

C 02 = 2.10551e-02 C 20 = 2.59965e-02 

C 0:1 = -1.65990e-04 C 2l = 3.76338e-04 

c" = 2.08577e-05 C 22 = 2.44730e-05 C 40 = 4.08933e-05 

R20 a = oo b = *> t = 0. 

C 02 = 1.69296e-02 C 20 = 2.51286e-02 

C oa = -7.05425e-04 C 21 = 1.95982e-03 

C 04 = 5.91925e-05 C 22 = 2.78730e-04 C 40 = 3.81432e-04 

In the present embodiment shown in Fig. 54, the first surface R1 is an aperture plane which is an entrance pupil, 
and the second surface R2 to the eighth surface R8, the ninth surface R9 to the fifteenth surface R1 5, and the sixteenth 
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surface R16 to a twenty-second surface R22 respectively constitute the first optical element B1, the second optical 
element B2 and the third optical element B3 each of which is an integral optical element. A twenty-third surface R23 
is an image plane. 

An image forming operation for an object lying at infinity will be described below. First, a light beam passes through 

5 the first surface R1 and enters the first optical element B1. In the first optical element B1, the light beam is refracted 
by the second surface R2, then reflected by the third surface R3, the fourth surface R4, the fifth surface R5, the sixth 
surface R6 and the seventh surface R7, the refracted by the eighth surface R8, and then exits from the first optical 
element B1. The light beam forms an intermediate image in the vicinity of the fourth surface R4. and further forms a 
secondary image between the first optical element B1 and the second optical element B2. 

to Then, the light beam enters the second optical element B2. In the second optical element B2, the light beam is 

refracted by the ninth surface R9, then reflected by the tenth surface RIO, the eleventh surface R11 , the twelfth surface 
R12, the thirteenth surface R1 3 and the fourteenth surface R14, then refracted by the fifteenth surface R15, and then 
exits from the second optical element B2. The light beam forms an intermediate image in the vicinity of the eleventh 
surface R11. In addition, the light beam forms a pupil between the twelfth surface R12 and the thirteenth surface R13. 

15 Then, the light beam which has exited from the second optical element B2 enters the third optical element B3. In 

the third optical element B3, the light beam is refracted by the sixteenth surface R16, then reflected by the seventeenth 
surface R17, the eighteenth surface R18, the nineteenth surface R19, the twentieth surface R20 and the twenty-first 
surface R21 , then refracted by the twenty-second surface R22, and then exits from the third optical element B3. The 
light beam forms an intermediate image in the vicinity of the eighteenth surface R18. 

20 The light beam which has exited from the third optical element B3 finally forms an object image on the final image 

forming surface R23 (the image pickup surface of the image pickup medium such as a CCD). 

A magnification varying operation effected by the movements of the respective optical, elements will be described 
below. During variation of magnification, the first optical element B1 is fixed. The second optical element B2 moves in 
the Z plus direction from the wide-angle end toward the telephoto end. The third optical element B3 moves in the Z 

2S plus direction from the wide-angle end toward the telephoto end. The twenty-third surface R23 which is the image 
plane does not move during the variation of magnification. 

Thus, when the variation of magnification from the wide-angle end toward the telephoto end is effected, the distance 
between the first optical element B1 and the second optical element B2 is decreased, the distance between the second 
optical element B2 and the third optical element B3 is increased, and the distance between the third optical element 

30 B3 and the image plane R23 is increased. In addition, the entire length ol the optical path from the first surface R1 to 
the image plane R23 becomes longer from the wide-angle end toward the telephoto end. 

In the present embodiment, the direction of the reference axis which enters each of the optical elements B1, B2 
and B3 and the direction of the reference axis which exits from the respective one of the optical element Bl, B2 and 
B3 are parallel to and opposite to each other. 

35 Each of Figs. 55, 56 and 57 shows lateral aberration charts of the present embodiment. 

In accordance with the present invention, it is possible to provide a reflecting zoom optical system which includes 
a plurality of optical elements some of which are transparent bodies each having two refracting surfaces and a plurality 
of reflecting surfaces, similarly to those which constitute part of any of Embodiments 5 to 8 and 1 3 to 16, and the other 
of which are optical elements on each of which a plurality of reflecting surfaces made from surface reflecting mirrors 

40 are integrally formed, similarly to any of Embodiments 9 to 12. Such reflecting zoom optical system is arranged to 
perform zooming by varying the relative position between at least two optical elements selected from among such 
plurality of optical elements. In this case as well, it is possible to provide advantages such as a reduction in the ar- 
rangement accuracy (assembly accuracy) of the reflecting mirrors. 

Each of Embodiments 1 to 8 and 13 to 16 includes a plurality of optical elements made from thin plate-shaped 

45 blocks each of which has two refracting surfaces and a plurality of curved and plane reflecting surfaces formed on its 
sides, and variation of magnification is effected by relatively moving two of the optical elements with respect to an 
image plane. 

In each of the embodiments, all the curved reflecting surfaces formed on each of the optical elements are decen- 
tered curved reflecting surfaces, and all of them are decentered in one plane (Y, Z). Two of the optical elements move 
so in one direction in parallel with the Y, Z plane, thereby effecting variation of magnification. 

In accordance with the present invention, an optical system can be composed of thin optical elements, and since 
a zoom structure in which the optical elements move on one plane can be adopted, it is possible to readily construct 
a thin zoom lens. 

In addition, the direction of a reference axis which enters each optical element and the direction of a reference 
55 axis which exits from the same can readily be made the same as or opposite to each other. Accordingly, the freedom 
of design of the shape of the entire optical system is extremely expanded so that the freedom of design of the forms 
of cameras can be expanded. 

In any of the above-described embodiments, well-balanced aberration correction is achieved at each focal length. 
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In addition, according to the present invention, it is possible to further expand the freedom of design of the forms 
of cameras by inclining a reference axis which enters an optical element (first optical element B1 ), which is fixed during 
variation of magnification, as in Embodiments 13 to 16, at an arbitrary angle with respect to a movement plane on 
which other optical elements move during variation of magnification, 
s Fig. 58 is a perspective view of an optical system in which a reference axis which enlers an optical element (first 

optical element B1 ) which does not move during variation of magnification is inclined at an arbitrary angle with respect 
to a movement plane on which second and third optical elements move during variation of magnification. In the optical 
system shown in Fig. 58, the first optical element B1 does not move during variation of magnification and corresponds 
to a so-called front element of a photographing optical system. The second and third B2 and B3 move during variation 
to of magnification, and correspond to a so-called variator and a compensator, respectively. 

The second and third optical elements B2 and B3 effect variation of magnification by moving on the Y, Z plane of 
Fig. 58. All the reference axes of each of the second and third optical elements B2 and B3 are present on the Y Z plane. 

For the above reason, it is impossible to incline a plane which contains the Y, Z plane and the reference axes of 
the second and third optical elements B2 and B3 which move during variation of magnification. However, some (A^ 2 
is to A 1 6 ) of the reference axes of the first optical element B1 which is fixed during variation of magnification must be 
present in the reference-axis plane {movement plane), but the other reference axes (Aq and A 1t1 ) need not be present 
in the reference-axis plane. 

Specifically, in the present embodiment, a reflecting surface 2 is provided so that the direction of the reference 
axis Aq which enters the first optical element B1 in the X-axis direction is deflected in the Z-axis direction by the reflecting 
20 surface R., 2 in the first optical element B1 . 

By providing the reflecting surface R t 2 in this manner, it is possible to freely set the direction of a light beam which 
enters the photographing optical system so that the freedom of design of the forms of cameras can be further expanded. 

A mechanism for moving the above-described optical elements will be described in brief below with reference to 
Fig. 65. 

2S As shown in Fig. 65, the shown optical device includes a base plate 51 having an image pickup optical system 

and a mechanism system provided on its surface. The base plate 51 has a plurality of openings 51a, 51b and 51c. 
The opening 51a is sealed by a sealing member, such as glass, in such a manner as to allow passage of a light beam 
so that foreign matter, such as dust, is prevented from entering the component-accommodating space formed between 
the base plate 51 and a shield case 49. 
30 By adopting such optical system according to the present embodiment, it is possible to provide an extremely small 

image pickup device of a card type. 

The image pickup optical system provided on the base plate 51 includes an iris part 30 for adjusting the amount 
of light of an object conducted from the opening 51a, a plurality of prism-shaped optical members G1 , G2, G3 and G4, 
such as glass or plastics members each having reflecting surfaces of free curvature, and a fixed image pickup element 
35 52 for receiving light exiting from the optical member G4 and converting the light into an electrical signal. 

The iris part 30 includes two iris blades 30a and 30b which are disposed symmetrically about an optical axis'K 
which coincides with the axis of the opening 51a. The position of an iris opening the size of which is restricted by the 
rotaiion of each of the iris blades 30a and 30b and the optical axis K coincide with each other. 

The optical member G 1 is fixed to the base plate 51 . The optical member G 1 has a pair of shafts Gla for positioning 
40 the optical member G1 with respect to the base plate 51 , and the optical member G1 is positioned relative to and fixed 
to the base plate 51 by the shafts Gla being fitted into corresponding openings 51 b of the base plate 51. Incidentally, 
in the present embodiment, the base plate 51 and the optical member Gl are positioned and fixed by the shafts Gla 
being fitted into the corresponding openings 51b. 

Each of the optical members G2 and G3 serves as an optical member which performs a zooming (focaMength 
45 adjusting) operation or a focusing (focus adjusting) operation by being moved in parallel with the surface of the base 
plate 51 in a predetermined direction (in the longitudinal direction of the base plate 51 ). 

The optical member G2 is fixed to a moving base 53 by an adhesive. The moving base 53 is made of a flat plate 
of highly magnetically permeable material such as iron. The moving base 53 has part of an actuator for moving the 
moving base 53 in parallel with the base plate 51 in a predetermined direction, a position detecting part for detecting 
50 the position of the moving base 53 which is moving, and a position restricting part for guiding the direction of movement 
of the moving base 53 and restricting the position of the moving base 53 which is moving. 

In the present embodiment, as shown in Fig. 65, a permanent magnet 55 is provided as the aforesaid part of the 
actuator, a magnetic scale 57 is provided as the position detecting part, and a groove portion 59 having a V-shaped 
cross section and a groove portion 61 having a recess-like shape are provided as the position restricting part in a plane 
ss perpendicular to the direction of movement of the moving base 53. The permanent magnet 55 is composed of two 
magnets which are magnetized in a direction perpendicular to the direction of movement of the optical member G2. 
Each of the magnets is arrayed in a direction perpendicular to the base plate 51 . 

A coil 67 and a yoke 69 which constitute the actuator in cooperation with the moving base 53 and the permanent 
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magnet 55 are provided on the base plate 51. 

Rail parts 63 and 64 for guiding the direction of movement of the moving base 53 and restricting the position of 
the moving base 53 which is moving are respectively provided on the base plate 51 at locations corresponding to the 
groove portions 59 and the groove portion 61. A groove having a V-shaped cross section in a plane perpendicular to 
5 the direction of movement of the moving base 53 is formed in each of the rait parts 63 and 64. Balls 46 are inserted 
between the groove portions 59 and 61 and the corresponding rail parts 63 and 64. 

In the actuator which consists of the moving base 53, the permanent magnet 55, the coil 67 and the yoke 69, if a 
electric current is made to flow through the coil 67, a driving force is generated by the interaction between the electric 
current and a magnetic circuit which will be described later. The moving base 53, i.e., the optical member G2, is moved 
io along the optical axis (in a longitudinal direction of the rail parts 63 and 64) by the driving force. 

The optical member G3 is moved by a substantially similar arrangement, and the optical members G2 and G3 
move to perform zooming. 

In accordance with the present invention, by setting the individual constituent elements in the above-described 
manner, particularly by employing a plurality of optical elements in each of which a plurality of curved reflecting surfaces 

is and plane reflecting surfaces are integrally formed, and appropriately varying the relative position between at least two 
of the optical elements to effect zooming, it is possible to achieve a reflecting type of zoom optical system including a 
small-sized mirror optical system the reflecting mirrors of which can be arranged with a reduced arrangement accuracy 
(assembly accuracy), compared to conventional mirror optical systems. In addition, it is possible to achieve an image 
pickup device employing such a reflecting type of zoom optical system. 

20 It is also possible to achieve a reflecting type of zoom optical system which has a wide angle of view in spite of its 

reduced effective diameter owing to an arrangement in which a stop is disposed at a location closest to the object side 
of the optical system and an object image is formed in the optical system at least once, and also which has an entire 
length which is reduced in a predetermined direction by bending an optical path in the optical system into a desired 
shape by using optical elements each having a plurality of reflecting surfaces of appropriate refractive powers and 

2S decentering the reflecting surfaces which constitute each of the optical elements. In addition, it is possible to achieve 
an image pickup device using such reflecting type of zoom optical system. 

Further, in accordance with the present invention, it is possible to achieve a reflecting type of zoom optical system 
which has at least one of the following advantages, and an image pickup device using such reflecting type of zoom 
optical system. 

30 in an optical system which includes a plurality of optical elements in each of which a plurality of reflecting surfaces 

having predetermined curvatures are integrally formed, reflecting surfaces which move during variation of magnification 
are formed into a unit. Accordingly, as compared with the magnification varying operation of a conventional mirror 
optical system, it is possible to ensure the relative position accuracy of each of the reflecting surfaces which requires 
a highest accuracy, by adopting an arrangement in which the relative position between the plurality of optical elements 

35 is varied to effect variation of the magnification (zooming) of the optical system and focusing thereof. Accordingly, it is 
possible to prevent degradation of optical performance due to variation of magnification. 

Since the optical elements on each of which the reflecting surfaces are integrally formed are employed, the optical 
elements themselves play the role of a lens barrel so that a mount member which is remarkably simple compared to 
conventional lens barrels can be used. 

40 Since each of the optical elements is formed as a lens unit on which a plurality of surfaces having curvatures are 

integrally formed, the number of components of the entire photographing system can be reduced compared to a re- 
fracting lens system. Accordingly, the cost of the photographing system can be reduced because of the reduced number 
of components. 

In addition, since the number of components of the entire photographing system can be reduced, accumulated 
4-5 errors due to the mounting of other components can be reduced so that it is possible to prevent degradation of optical 
performance. 

Since the reflecting surfaces of each of the optical elements are disposed at appropriate positions in a decentered 
state, the optical path in the optical system can be bent into a desired shape so that the entire length of the optical 
system can be reduced. 

so By providing an optical element which is fixed during variation of magnification, some of reference axes can be 

inclined at an arbitrary angle with respect to a plane which contains almost all the reference axes so that the freedom 
of design of the forms of cameras can be expanded. 

By adopting an arrangement for transmitting an object image by repeating image formation by a plurality of times, 
the effective ray diameter of each surface can be reduced so that the entire photographing optical system can be made 

& compact. 

Since the image formation size of an intermediate image forming plane is set to be comparatively small with respect 
to the size of an image pickup surface, it is possible to reduce the effective ray diameter of each surface which is 
required to transmit the object image. 
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Since the plane on which the optical elements move is set to be parallel to the plane which contains almost all 
reference axes, inclusive of the reference axes in the two optical which vary their relative positions, it is possible to 
readily maintain the parallelism between the plane which contains the reference axes and the plane on which the optical 
elements move. Accordingly, it is possible to eliminate decentering aberration due to a relative inclination between the 
s movement plane on which the optical elements move during variation of magnification and the plane which contains 
the reference" axes. 

Since the optical elements move on one plane during variation of magnification, it is possible to readily prevent 
parallel decentering from occurring in a direction perpendicular to the direction of movement of the optical elements. 
In addition, the rotation of each of the optical elements in a plane perpendicular to the movement plane can be eliminated 
io in principle. 

Since each of the optical elements is arranged on one plane, both optical elements can be incorporated from one 
direction, so that assembly becomes easy and assembly cost can be reduced. 

Since the stop is disposed on the object side of the optical system, it is possible to achieve a zoom lens the angle 
of view of which can be made wider without increasing the lens diameter of the zoom lens. 
is A reflecting type of zoom optical system comprises a plurality of optical elements each of which includes a trans- 

parent body and two refracting surfaces and a plurality of reflecting surfaces formed on the transparent body and is 
arranged so that a light beam enters the transparent body from one of the two refracting surfaces, repeatedly undergoes 
reflection by the plurality of reflecting surfaces, and exits from the other of the two refracting surfaces, and/or a plurality 
of optical elements on each of which a plurality of reflecting surfaces made from surface reflecting mirrors are integrally 
20 formed, and each of which is arranged so that an entering light beam repeatedly undergoes reflection by the plurality 
of reflecting surfaces and exits from the optical element. In the reflecting type of zoom optical system, an image of an 
object is formed via the plurality of optical elements and zooming is performed by causing at least two optical elements 
from among the plurality of optical elements to vary their relative positions. 

25 

Claims 

1. A reflecting type of zoom optical system comprising: 

30 a plurality of optical elements each of which includes a transparent body and two refracting surfaces 'and a 

plurality of reflecting surfaces formed on the transparent body, and each of which is arranged so that a light 
beam enters the transparent body from one of the two refracting surfaces, repeatedly undergoes reflection by 
the plurality of reflecting surfaces, and exits from the other of the two refracting surfaces; and/or 
a plurality of optical elements on each of which a plurality of reflecting surfaces made from surface reflecting 

35 mirrors are integrally formed, and each of which is arranged so that an entering light beam repeatedly under- 

goes reflection by the plurality of reflecting surfaces and exits from the optical element; 
wherein an image of an object is formed via said plurality of optical elements and zooming is performed by 
causing at least two optical elements from among said plurality of optical elements to vary their relative posi- 
tions. 

40 

2. A reflecting type of zoom optical system according to claim 1 , wherein a reference axis which enters each of said 
at least two optical elements which are caused to vary the relative positions is parallel to a reference axis which 
exits from said each of said at least two optical elements. 

45 3. A reflecting type of zoom optica! system according to claim 2, wherein said at least two optical elements which are 
caused to vary the relative positions move on one movement plane in parallel with each other. 

4. A reflecting type of zoom optical system according to claim 2, wherein the reference axis which enters each of 
said at least two optical elements which are caused to vary the relative positions is the same in direction as the 

50 reference axis which exits from said each of said at least two optical elements. 

5. A reflecting type of zoom optical system according to claim 2, wherein the reference axis which enters one of said 
at least two optical elements which are caused to vary the relative positions is the same in direction as the reference 
axis which exits from said one of said at least two optical elements, while the reference axis which enters another 

55 of said at least two optical elements is opposite in direction to the reference axis which exits from said other optical 

element. 

6. A reflecting type of zoom optical system according to claim 2, wherein the reference axis which enters each of 
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said at least two optical elements which are caused to vary the relative positions is opposite in direction to the 
reference axis which exits from said each of said at least two optical elements. 

7. A reflecting type of zoom optical system according to claim 1, wherein focusing is performed by moving one of 
s said at least two optical elements which are caused to vary the relative positions. 

8. A reflecting type of zoom optical system according to claim 1 , wherein focusing is performed by moving an optical 
element other than said at least two optical elements which are caused to vary the relative positions. 

to 9. A reflecting type of zoom optical system according to claim 1 , wherein an object image is intermediately formed 
in an optical path at least once. 

10. A reflecting type of zoom optical system according to claim 1 , wherein each curved reflecting surface from among 
the plurality of reflecting surfaces is of a shape having only one plane of symmetry 

75 

1 1 . A reflecting type of zoom optical system according to claim 1 , wherein all reference axe of said at least two optical 
elements which are caused to vary the relative positions are present on one plane. 

1 2. A reflecting type of zoom optical system according to claim 11 , wherein at least part of reference axes of an optical 
20 element other than said at least two optical elements which are caused to vary the relative positions are present 

on said one plane. 

1 3. A reflecting-type of zoom optical system according to claim 1 , wherein at least one of said plurality of optical 
elements has a reflecting surface in such a manner that a normal to the reflecting surface at an intersection point 

25 of a reference axis and the reflecting surface is inclined with respect to a movement plane on which said at least 

two optical elements which are caused to vary the relative positions move. 

14. A reflecting type of zoom optical system according to claim 1 , wherein said at least two optical elements which are 
caused to vary the relative positions respectively move on two movement planes which are inclined with respect 

30 to each other. 

15. An image pickup device including a reflecting type of zoom optical system according to one of claims 1 to 14, and 
arranged to form an image of the object on an image pickup surface of an image pickup medium. 

35 
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